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Les mousses de polyuréthane (PU) hautement poreuses sont largement utilisées dans dif-
férentes industries pour dissiper l’énergie des ondes sonores et vibratoires. La propagation
des ondes acoustiques dans ces matériaux poroélastiques est décrite à partir d’un ensemble
de paramètres physiques connus sous le nom de paramètres de Biot (pour les matériaux
isotropes, ils sont composés de 5 paramètres non acoustiques et de 4 paramètres méca-
niques). Il est bien connu que les propriétés macroscopiques dépendent intrinsèquement
des propriétés de la microstructure de la mousse. Ainsi, une compréhension claire des cor-
rélations entre la structure interne des mousses de PU et leurs paramètres de Biot ainsi
que la contribution de chaque paramètre, soit microscopique ou macroscopique, sur l’indi-
cateur vibroacoustique désiré est d’un intérêt majeur au stade précoce de la conception et
de l’optimisation de ces matériaux poroélastiques. Le développement d’un modèle micro-
macro qui corrèle les propriétés de la microstructure aux paramètres macroscopiques de
Biot est donc nécessaire.
Récemment, un modèle qui corrèle les propriétés de la microstructure des mousses PU
hautement poreuses à leurs propriétés non acoustiques a été présenté par Doutres et coll.
[24, 25]. Dans cette étude, les propriétés de la microstructure (dimensions de la cellule et
taux de réticulation) sont d’abord caractérisées par un microscope électronique à balayage
(SEM). Ensuite, l’effet du taux de réticulation (mesurant le pourcentage de fenêtres ou-
vertes), de la taille des cellules et de la densité relative sur les propriétés mécaniques de
la mousse de polyuréthane a été élucidé à l’aide d’un modèle numérique. Se basant sur
ce modèle, un modelé analytique existant, qui corrèle les propriétés de la microstructure
de mousses PU entièrement réticulées à ses propriétés mécaniques, a été revu et corrigé
pour tenir compte de l’effet important du taux de réticulation. En combinant le modèle
de Doutres avec le modèle mécanique développé dans cette thèse, un modèle micro-macro
complet est ainsi obtenu. Utilisant ce modèle, l’impact de la variabilité de la microstructure
et la contribution de chacun des paramètres microstructuraux à la réponse vibroacoustique
ont été étudiés utilisant une méthode d’analyse de sensibilité globale (FAST). La méthode
FAST a été utilisée pour identifier l’impact de la microstructure sur, premièrement, les
paramètres de Biot-Allard et, deuxièmement, sur les indicateurs vibroacoustiques (absorp-
tion et perte par transmission) des mousses de polyuréthane poroélastiques. Une fois les
modèles micro-macro et la contribution des propriétés de la microstructure connus, la
performance vibroacoustique de la mousse a été optimisée. Ainsi nous avons testé numé-
riquement la performance acoustique de mousses homogènes et de mousses graduellement
structurées (variation de propriétés suivant l’épaisseur de la mousse). Cette étude ouvre
ainsi de nouvelles portes pour concevoir des mousses PU innovantes avec une microstruc-
ture modifiée et des performances vibroacoustique améliorées.





Highly porous polyurethane (PU) foams are widely used in different industries to dissipate
the energy of sound and vibration waves. Propagation of acoustic waves in such poroe-
lastic materials is explained based on a set of physical parameters known as the Biot’s
parameters (for isotropic materials these are comprised of 5 non-acoustical parameters and
4 mechanical parameters). These macroscopic properties are inherently dependent on the
microstructure properties of the foam. Hence, a clear understanding of correlations be-
tween the internal structure of PU foams and their Biot’s parameters and the contribution
of each parameter, either microscopic or macroscopic, to classical vibro-acoustic indica-
tors is of utmost interest at the early stage of design and optimization of such poroelastic
materials. In consequence, a micro macro model that correlates microstructure properties
to macroscopic Biot’s parameters is needed. Recently, a model that correlates the mi-
crostructure properties of highly porous PU foams to their non-acoustical properties was
presented by Doutres et al. [24, 25]. In this study, micro-structure properties (strut length,
strut thickness, and open pore content) are first characterized using a Scanning Electron
Microscope (SEM). Then, a numerical study is performed to elucidate the effect of open
pore content (known as reticulation rate), cell size, and relative density on the mechanical
properties of polyurethane foam. Based on this study, an existing analytical model [39]
that correlates fully reticulated unit cell microstructure properties of PU foams to its me-
chanical properties is corrected and updated to account for these important parameters.
Combined with Doutres’ model, the proposed extension lead to a full micro-macro model
for predicting the acoustic performance of PU foams from its microstructure. Using this
model, the contribution of the unit cell parameters and effect of their variability on classical
vibro-acoustic indicators (absorption and transmission loss) is investigated using a global
sensitivity analysis method (FAST). The FAST method is used to identify the impact of
microstructure role on, first, the Biot-Allard parameters and, second, on vibro-acoustical
indicators of poroelastic polyurethane foams. Based on this sensitivity analysis study, the
developed micro-macro model, is used to design both optimum homogeneous foam and
functionally graded foams (properties optimally varnish along the thickness of the foam)
targeting specific in absorption and/or transmission loss problems. This study opens thus
a new door to design innovative PU foams with modified micro-structure and improved
vibro-acoustical performance.
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CHAPTER 1
INTRODUCTION
This chapter introduces the objectives of current research. First, the technological problem
is summarized. Next, the scientific problem is presented. Then, objectives of this study
are listed. Finally, chapter ends with an outline of the thesis.
1.1 The technological problem
Competitive market and ecological concerns have placed a drastic demand on automo-
tive and aerospace vehicle manufacturers to design cost-effective and eco-friendly vehicles.
Thus, reducing the structural weight has been considered to address both expense re-
duction and environmental protection. However, such design solutions reduces the vibro-
acoustic quality of vehicles which means an increase in acoustic pressure level inside the
cabin of an aircraft or a car is expected. Increased cabin noise cannot only results in a
higher speech interference level, for example, but also causes listening fatigue and affects
driving safety by loosing driver’s sensitivity. Therefore, reducing of overall acoustic pres-
sure level inside a vehicle has been one of the main objectives of vehicle manufacturers.
This goal has been pursued through (i) enriching the knowledge on noise-sources (e.g.
noise source for terrestrial vehicles: road, air flow power transmission, and engine), trans-
mission paths (air-borne or structure-borne), and potential uncertainties in mathematical
models and (ii) improving, either passively or actively, the performance of mounts and
noise control treatments.
Limitations in the integration of active solutions into the noise insulation enhancement of
lightweight structures (e.g. detecting noise, processing data, actuator performance, and a
source of energy for all these steps) makes it practically difficult. Therefore, passively im-
proving the vibro-acoustical performance of highly dissipative poroelastic materials (such
as cellular, polymeric foams that are used widely in the vehicle industries) at the early
stage of design of lightweight structures is desired. Classically, vibro-acoustical perfor-
mance of poroelastic materials are optimized passively using a multilayer concept (also
known as acoustic trims, sound packages, or noise control treatments).
Synthetic cellular polyurethane (PU) foams have been utilized in different applications,
from thermal insulation to noise absorption [38], because of their lightweight and energy
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dissipation properties. Such materials consist of an elastic skeleton and interstitial fluid.
The cells are internally connected through windows to form the air-borne path for acoustic
waves while structure-borne waves propagate via the frame. Acoustic waves energy is
attenuated because of (i) structural damping, (ii) viscous and inertia dissipation, and (iii)
thermal dissipation. Propagation of acoustic waves in elastic porous media, e.g. polymeric
foams, is described by the Biot-Allard theory [2, 4, 5] that requires a set of physical
parameters known as the Biot-Allard parameters [2]. These macroscopic parameters are
inherently dependent on the microstructure properties of porous media. Hence, not only a
clear understanding of the correlation between microstructure properties and macroscopic
behavior of the foam is necessary but also identifying the contribution of microstructure
properties to the vibro-acoustic indicators is of utmost importance in the design and
acoustically optimization of such foams which is the main concern of this work.
1.2 The scientific problem
The internal structure of most poroelastic materials, such as polyurethane foams, is too
complicated to be studied quantitatively. Therefore, macroscopic characteristic parame-
ters that are dependent on microstructure properties are needed to describe the porous
media. In Biot-Allard model [2, 4, 5], for isotropic materials, they are comprised of five
non-acoustical parameters and four mechanical parameters. The non-acoustical parame-
ters are: porosity φ, thermal characteristic length Λ′, viscous characteristic length Λ, flow
resistivity σ, and tortuosity α while mechanical parameters are bulk density ρ, Young’s
modulus E, loss factor η, and Poisson’s coefficient ν.
The Biot-Allard description of wave propagation inside poroelastic materials accounts for
fluid-frame motion, viscous, and thermal energy dissipation. The poroelastic model is
simplified using an equivalent fluid called rigid or limp models. The rigid model is used
when the frame is motionless (e.g. in metal-foams where the frame of the foam is too stiff
to move) and the limp model is implemented when foam has no bulk stiffness (e.g. soft
fibrous) [2]. The propagated wave inside the equivalent fluid is governed by the Helmholtz
equation [29]. The rigid model is dependent on non-acoustical parameters while the limp
model is dependent not only on non-acoustical parameters but also on the bulk density of
the frame. Recently, at Groupe d’Acoustique de l’Université de Sherbrooke (GAUS), the
correlation between the micro-structure and non-acoustical parameters of highly porous
PU foams involved in the classical Johnson-Champoux-Allard (JCA) porous model has
been developed by Doutres et al. [24, 25].
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Mechanical properties of such foams are important when they are either placed on a vibrat-
ing structure or frame resonances happens. As mentioned so far, macroscopic parameters
are functions of the microstructure properties of foams. Micrographs of PU foam using a
scanning electron microscope (SEM) when all windows are open and when windows are
partially open are shown in Figures 1.1 a & b, respectively. Since the internal structure of
highly porous PU foams is too complicated to quantify, a representative volume element
(RVE) which is the minimum volume portion of a lattice containing the microstructure of
the lattice and representing the behavior of the lattice is considered [56, 99]. As shown in
Figures 1.1 c & d, the RVE of highly porous PU foams can be idealized using a tetrakaidec-
ahedral unit cell in Refs. [18, 24, 39, 43, 65, 93, 96, 110]. To account for the irregularities
inside the foam a greater number of unit cells should be considered [31, 46, 47, 57, 109].
Gibson and Ashby [38] presented relations that correlate the microgeometry of foams with
cubic unit cells and fully closed pores to their mechanical properties.
In idealized unit cell models (Figure 1.1 d), the microstructure properties of Kelvin [100]
cell are: geometrical properties of strut ( cross section shape and material distribution
along it), thickness t at the center of struts, length of struts l, reticulation rate Rw (defined
by Doutres et al. [24] as the ratio of the area of the open windows to the area of all windows
which are placed on the same plane), cell size Cs, and relative density ρr ( that is defined
as the ratio of unit cell density to cell constituent material density ρ/ρs; and it is related
to porosity by φ = 1 − ρr). To the best of our knowledge, previous studies, detailed
in section 2, relied on micro-macro relations that correlate the microstructure properties
of fully-open PU foams to their mechanical properties [39, 46, 99]. However, there are
studies that compare the Young’s modulus of PU foams with different, but limited, close
pore content [43]. To improve the vibro-acoustical performance of PU highly porous,
flexible PU foam, the correlation between microstructure properties (l, t and Rw) and
macroscopic Biot-Allard’s parameters needs to be investigated. As mentioned before, the
impact of Rw was added into non-acoustical parameters by Doutres et al.. Therefore in
the current study, the first objective is to add the impact of closed pore content of PU
foams into an existing micro-macro correlation model.
Without loss of generality, micrograph characterization confirms variability and irregular-
ity associated with cell elongation during the foaming process of PU foam. Hence, perform-
ing sensitivity analysis reveals not only the key parameters but also how microstructure
variability affects the micro-macro model’s predictions. The next important goal to be
tackled is the enhancement of the vibro-acoustical behavior of PU foams using developed
micro-macro correlations. Before that, we need to investigate which microstructure prop-





Open part of unit cell
(d)(c)
(a) (b)
Figure 1.1 (a) Internal structure of PU foam when all windows are open, (b)
windows are partially open, (c) an idealized RVE that can be considered in
numerical modeling, (d) a tetrakaidecahedral unit cell and its microstructure
properties.
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erties contributes the most to the Biot-Allard parameters and to the acoustical behavior
of a given vibro-acoustic system using a global sensitivity analysis. Results of sensitivity
analysis will provide the necessary data for a foam designer to know how the the variation
in micro-geometry of the foam affects the vibro-acoustic indicators.
1.3 Objectives
As mentioned so far, the input macroscopic parameters in the Biot’s model are affected by
the internal structure of poroelastic foams. Therefore, micro-macro correlations are needed
to enhance the vibro-acoustical performance of such foams by changing the internal config-
uration during foaming process. Recently, the relations between the microstructure prop-
erties of PU foams and their non-acoustical properties have been addressed by Doutres et
al. [24, 25]. In addition, the mechanical properties of PU foam when all windows are
open have been correlated with microstructure properties through the analytical model of
Gong and Jang [39, 46]. In spite of few studies performed on mechanical properties of PU
foams when their windows are fully or partially closed, the closed pore content of highly
porous PU foams hasn’t been integrated into mechanical micro-macro relations. Hence,
to improve the macroscopic behavior of highly porous PU foam through modification
in microstructure properties, first micro-macro correlations are developed for mechanical
properties. Then, the contribution of microstructure properties to various vibro-acoustical
indicators is studied thanks to a global sensitivity analysis. Finally, microstructure prop-
erties are modified using results obtained in previous steps in a way that results in better
absorption and/or insulation. These steps are itemized in three specific tasks:
1. Develop micro-structural based model that correlates micro-geometrical properties
of isotropic unit cell to macroscopic mechanical properties of the foam.
2. Determine the contribution of micro-structure properties to the behavior of the PU
foam by using a global sensitivity analysis.
3. Design an optimum PU foam with higher absorption and/or insulation performance.
To address the first objective, effects of reticulation rate, cell size, and relative density are
studied numerically and a hybrid numerical-analytical model is proposed to integrate these
effects into an existing micro-macro model that correlates unit cell microstructure prop-
erties of fully reticulated foams to their mechanical properties. Next, a global sensitivity
analysis method (the FAST method) is used to identify the contribution of microstruc-
ture properties to various vibro-acoustic indicators. Finally, thanks to micro-macro model
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and sensitivity analysis results (that identify key design parameters), new microstructure
properties, that result in optimum behavior of the foam, are studied. The outline of the
thesis is explained in the following.
1.4 Outline
The present document is divided into six chapters. In Chapter 2, important studies related
to the objectives of the thesis are reviewed. Then, relations that correlate macroscopic
mechanical properties of PU foams to their microstructure properties are developed in
Chapter 3. Chapter 4 identifies the contribution of microstructure properties to macro-
scopic vibro-acoustic indicators. In Chapter 5, the vibro-acoustical performance of PU
foam used in different vibro-acoustical systems is optimized using micro-macro relations
and sensitivity analysis results. Finally, the conclusion and perspectives of this thesis are
presented in Chapter 6.
CHAPTER 2
LITERATURE REVIEW
This chapter presents main previous studies on the micro-macro correlation of highly
porous polyurethane foams as well as sensitivity analysis and optimization methods used
in acoustical problems. First, the literature review is dedicated to the works concerning
the correlations between microstructure properties of PU foams and their macroscopic
Biot-Allard properties. Then, the method used to identify the macroscopic mechanical
properties of studied PU foams is reviewed. Next, sensitivity analysis studies performed
in the vibro-acoustic field are presented. Finally, optimization of acoustical properties
of poroelastic foams using functionally graded material concepts is reviewed. The main
concern of this section is to convey that micro-macro correlations of PU foam with close
pore content have not been developed so far.
2.1 Micro-structure based correlations
Propagation of acoustic waves in homogenous poroelastic medium is explained using the
Biot model. As mentioned before, the Biot-Allard parameters for isotropic dissipative
materials consists of 5-non-acoustical parameters used in the JCA model. This section is
divided into two subsections: the first part reviews what has been performed by Doutres
et al. [24, 25] to correlate the microstructure properties of partially reticulated PU foams
into the non-acoustical parameters of the Biot-Allard model. The second subsection ex-
plains micro-structural based relations correlating microscopic properties into the macro-
scopic mechanical properties of PU foams.
2.1.1 Micro-macro correlations for non-acoustical properties
So far, the correlation between the microstructure and non-acoustical parameters of foams
with different internal structures has been studied by three different approaches: (i) scaling
law that correlates the simplified micro-structure properties into the macroscopic param-
eters of the foams. For instance, the correlation presented by Allard and Atalla [2] using
analytical methods to link the viscous characteristic length and the fiber diameter of fi-
brous materials or porosity relations presented for foams with different unit cell shapes
in Refs.[2, 38–40, 73], (ii) numerical approaches are used when internal microstructure
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geometry of foams are too complicated to be quantified [43, 71, 72, 76, 78], and (iii)
empirical methods that are based on experimental observations and microstructure char-
acterization [14, 45, 53]. Recently, a semi-empirical microstructure-based model has been
developed by Doutres et al. [24, 25] to link the microstructure properties of polyurethane
foams to their non-acoustical parameters. It should be mentioned that they used a scan-
ning electron microscope (SEM) micrograph to identify the microstructure properties of
studied PU foams. The work presented in Chapter 3 is an extension to Doutres et al.
[24, 25] studies performed at GAUS. In what follows, Doutres’ micro-macro correlations
for PU foams are briefly explained.
Porosity φ
The internal structure of PU highly porous PU foams is simplified using an isotropic
tetrakaidecahedral unit cell, as shown in Figure 4.1, where it is characterized based on
its microstructure properties: strut length l, strut thickness t, and reticulation rate Rw.
Porosity, a geometrical parameter that is defined as the ratio of interconnected air volume
to the total volume of porous material. The porosity of studied PU foams was experimen-
tally [85] measured by Doutres et al. [24, 25]. Measurements show that for such highly
porous materials, even in the presence of membrane, the porosity is not influenced by
the membrane volume. Therefore, analytical expression presented in Ref. [38] linking the
porosity and microstructure properties considering an idealized tetrakaidecahedral unit cell
was augmented for a unit cell with a tetrakaidecahedral unit cell and plateau border cross
section. It should be mentioned that the strut thickness used in non-acoustical properties
is equal to the radius of the circumferential circle (see Figure 2.1) that is a = t
√
3/2.







where Cρt = (2
√
3 − pi)/√2, a = t√3/2 for a plateau border cross section shape, Vf is
fluid volume, Vt is total volume.
Thermal characteristic length Λ′
The second geometrical parameter, thermal characteristic length Λ′(m) (that is equal to
twice the interconnected pore fluid volume to the pore wet surface [72]) was modified to






As + (1−Rw)Aw (2.2)






Figure 2.1 Cross section of sturt in highly porous PU foam. (a) SEM photo,
(b) model used in the FE model.
where As is the frame surface and Aw is the total wet surface of the pore weighed by the
close pore content (1−Rw).
Viscous characteristic length Λ
Viscous characteristic length Λ(m) of fibrous materials with a circular cross section strut
is predicted analytically using the relation presented by Allard and Atall [2] when the





This analytical relation could capture the experimental measurement of the viscous char-
acteristic length of fully reticulated PU foams [24]. The ratio of the thermal characteristic
length to the viscous characteristic length was found close to n = 1.55 for studied fully
reticulated PU foams. However, the ratio increases as reticulation rate decreases. There-
fore, the impact of closed pore content was added to the ratio n to calculate the viscous










Flow resistivity σ and tortuosity α∞
Flow resistivityN.S.m−4 is known as an indicator to show the resistance to the fluid flowing
through the porous layer. Experimental measurements of flow resistivity were found in
good agreement with results predicted using the equation presented in Refs. [40, 58]:








where Cσ = 128α∞η/c2g for circular cross-section fibrous porous material, cg = 1 propaga-
tion in cylindrical pore, and α∞ ≈ 1 for highly porous and low tortuosity materials.
Tortuosity is defined as the ratio of the averaged length fluid paths through the material to
the thickness of the material. The tortuosity of fully reticulated PU foams was considered
equal to the mean value of experimental measurements α∞ = 1.05. The following two


















2.1.2 Micro-macro model for static mechanical properties
As mentioned before, relations correlating microstructure properties to the mechanical
properties are as important as non-acoustical micro structural based models. Early studies
on micro-macro-mechanical models are found in Refs.[12, 18, 33, 55, 102, 104] and examples
of more recent works can be studied in Refs. [19, 27, 38, 46, 56, 59, 103, 109, 110]. Two
of the earliest examples of such attempts are the studies performed by Gent and Thomas
[33] and Lederman [55]. The foam micro-structure was represented by a cubic cell and the
deformation mechanism of struts was limited to extension. The relation between the shape
of the cell and the relative density of rigid, closed-cell, polyurethane foams was studied by
Dawson and Shortall [18]. Gibson and Ashby’s book [38] provides fundamental information
on the mechanical behavior of cellular materials (e.g. lattice made of cubic unit cell) as
well as expressions correlating constituent material modulus Es and relative density ρr to
the mechanical moduli. They showed that linear elasticity of highly porous cellular foams
is controlled by bending in the strut when cell windows are fully open and is controlled
by the membrane stretching in fully closed cells. In addition, the contribution of normal
compression or extension in struts on mechanical properties increases for foams with a
relative density higher than 10%. Though extensive work has been done in this area, the
prediction of mechanical properties of highly porous, flexible, polyurethane foams used in
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vibro-acoustic applications based on cell characteristics is in high demand. Relations that
correlate microgeometry of PU foams to macroscopic mechanical properties can be mainly
classified according to their assumptions on (i) microstructure deformation mechanisms
(e.g. bending, axial, shear, or torsional deformation) [39, 46, 62, 97, 110], (ii) the struts
geometry (e.g. material distribution along strut, strut cross-section shape, accumulated
mass at vertices) [39, 46, 56], and (iii) the considered RVE (e.g. unit cell or lattice) [39, 57,
99, 109]. In addition, it was shown that the mechanical behavior of the foam is influenced
by cell geometric characteristics such as cell elongation, volume of material at the vertices,
and mass distribution along the struts [39, 65].
The correlation between the Young’s modulus and relative density by considering that
the deformation is caused by the bending and twisting in struts of tetrakaidecahedral
unit cells was presented in Ref. [110]. Results show that the contribution of transverse
shear forces and axial forces has the same order of magnitude as the effect of torsional
deformation and accumulated mass at the vertices [56]. Gong et al. [39] analytically
developed a micro-macro correlations for mechanical properties of fully reticulated PU
foams considering all deformation mechanisms, non-uniformity in distributed mass along
the strut with plateau border cross section and the accumulated mass at the vertices. To
study the the loading impact on the Young’s modulus, two analytical models, when a unit
cell possesses a uniform strut cross section and the accumulated mass at the corners, is
presented by Sullivan and Ghosn [96] and Sullivan et al. [97]. In the former study, the
deformation was because of axial and bending loads. While in a latter study, shear effect
was considered to be the only deformation mechanism. Later, Jang et al. [46] modified
the relations presented by Gong for struts with circular or triangular cross sections. This
modified model is referred to by Gong and Jang’s model in this study. More recently, it was
shown by Maheo et al. [62] that the Young’s modulus is more influenced by bending rather
than shear, axial, and torsional deformation. An overestimation in predicted stiffness
occurs by neglecting one or more deformation energies in the analytical model.
Analytical relations were found in good agreement with the Finite Element (FE) modeling
of an idealized unit cell [39, 46, 56, 110]. However, because of microstructure idealization,
the analytical and the FE models underestimate the Young’s modulus when compared
with experimental measurements [39, 46]. Therefore, empirical methods have been used
to modify the relations based on idealization in geometry [39, 46, 110]. In some studies, the
distribution of materials were considered to be uniform along the struts [43, 56, 99, 110],
and in others, the accumulated mass at the vertices was neglected [56, 96, 97]. Numerical
methods are mainly used to investigate the effect of non-uniformity in cross sections,
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modified mass at the vertices, or closed windows [46, 59, 108]. The non-uniformity in
the strut cross section’s thickness was found to have more impact on the elastic moduli
than the shape of the cross sections (circle, triangle, and plateau border) [50] and it was
reported as the reason of increase in the Young’s modulus [39, 46, 99].
Voronoi model
The mechanical models which are based on an idealized characteristic periodic unit cell
do not account for the cell irregularities that are typical of most foam structures. The
influence of cell irregularity on mechanical properties of open-cell PU foam has been stud-
ied numerically by modeling the lattice (known as the Voronoi model) using the FE
method [31, 46, 47, 50, 57, 109]. To capture the behavior of the foam, at least 6 cells
per edge are needed to model the lattice. This number increases to 21 cells per edge as
irregularities increase. Modeling a Voronoi cell with a minimum of 6 cells per edge by using
solid elements is difficult and computationally intensive. Therefore, a lattice was modeled
by beam elements [109]. Reported results show that an increase in non-regularities results
in an increase in the Young’s modulus [57, 109]. It is worth mentioning that the influence
of strut thickness non-uniformity is found less important than the effect of cell irregular-
ity on the Young’s modulus of the foam. Therefore, periodic unit cell models are not as
reliable as Voronoi models but are computationally less expensive.
The influence of cell irregularities on the mechanical properties of open-cell foams was
studied by Jang et al. [46, 47]. These studies are comprised of three different models based
on beam elements. (i) In the isotropic Kelvin model, mechanical properties are captured
by limiting attention to the characteristic cell. (ii) Perturbed Kelvin cell model. This
model is derived from the regular Kelvin cell model by perturbing the coordinates of the
vertices of the Kelvin cell micro-structure. So, the number of hexagons and quadrilaterals
remain the same as the regular Kelvin cell but the polygons are not regular. The model
has N × N × N cells where N = 8. (iii) The third foam model has a random micro-
Figure 2.2 Voroni cell model [31].
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structure that is generated from the Surface Evolver program [7]. At least 3 cells per edge
are necessary to obtain a representative volume element(RVE). This number turns out to
be 900 − 1000 cells per RVE to capture the effective elastic properties in small relative
density [50]. Veyhl et al. [101] showed that, as the number of cells per edges increases,
the influence of intersected struts placed at boundary surfaces on the stiffness or strength
of structure calculations reduces. In other words, a larger fraction of cells is dissected
in the boundaries of the smaller model. Comparison between analytical and numerical
prediction of Young’s modulus with experimental measurements reveals that analytical
and numerical results obtained using regular Kelvin cell are close to each other and lower
than the experimental measurements. However, the random model is stiffer than the
Kelvin model [46].
The SEM images of deformation of three PU foams (viscoelastic, high resilience, and semi-
rigid) under axial compression were showed in [93]. The micro-computed tomography and
the FE model of the 3D model were used to show that the morphological features of a
ceramic foam (shape of the cross-section of the struts (ligaments), thickness of the struts,
presence of a central void in the strut, strut tapering, and cell elongation angle) influence
the mechanical properties [15].
Closed pore content
The mechanical properties of either polymeric or metallic cellular materials with a tetrakaidec-
ahedral unit cell, while all the windows are completely closed, have been studied in
Ref. [3, 10, 45, 76]. Reduction in the Young’s modulus by increasing variability in cell
size [76] and non-uniformity in cell wall thickness [10] are pointed out in the closed cell
related numerical studies. In the latter study, it is assumed that at least 10% of windows
remain open and unit cells stay interconnected through the open part of windows. The
impact of closed windows on the Aluminum (AL) foams mechanical properties has been
investigated in Ref. [45, 46, 59, 108]. In these studies, the Young’s modulus of closed
pore cellular material as a function of the relative density of the foam was studied. In
addition, windows of the unit cell are considered as either binary opened or closed (these
windows are named here as binary reticulated). The closed window is known as a defect
in the manufacturing process of open-cell AL foams (see Figure 2.3). The impact of closed
windows on the mechanical properties of AL foams was analytically studied by using cubic
cell models [108] and numerically investigated for tetrakaidecahedral unit cells when the
struts have a circular cross section [46, 59]. In Jang’s and Lu’s studies, it is assumed that
the square windows have the same chance as hexagonal windows of being closed and the
thickness of the closed windows is the same as the strut thickness. In addition, the relative
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density is kept the same as the open cell model [59]. Therefore, less solid material is dis-
tributed to the struts of closed cells and, in consequence, the Young’s modulus decreases
as the percentage of closed windows increases.
The membrane impact on relative density of highly porous PU foams, the same PU foams
used in this study, was shown negligible by Doutres et al. [24]. However, the relative
density is affected by closed membrane content, when ρr ≥ 0.15 in the Robert model [78].
Elastic stiffness of four PU foams with different close pore content was reported by Zhang
et al. [107]. Their results show that, for foams with 11.6% ≤ ρr ≤ 84.0%, the stiffness of
the open foam was reduced by 92.6% (when ρr = 11.6%) in comparison with fully closed-
cell foams. The effects of closed windows on the Young’s modulus and the non-acoustical
properties of two PU foams with different porosity were studied by Hoang et al. [43]. In
their model, the foams’ lattices are idealized by periodic unit cells. The struts have a
circular cross section with uniform thickness along the length and spherical accumulated
mass at the corners. The thickness of the membrane closing the windows is constant and
the windows are partially reticulated. Solid elements are used to model the different unit
cells including the membranes. The FE results were compared with experimental results
obtained from static compression tests. To capture the mechanical properties of the foam,
it was assumed that unit cells with cubic symmetry have random orientations for isotropic
foam. A 768% increase, because of the presence of membrane, in the Young’s modulus
was reported for PU foams with 93% porosity, 9% reticulation rate, and 2µm membrane
thickness. This increase in the Young’s modulus reaches 1244% when the thickness of
the membrane is increased to 10µm. The effect of the reticulation rate and membrane
thickness on the Young’s modulus of the foam with 97% porosity was reported as 164%
and 296% where the membrane thicknesses are 2µm and 10µm respectively. In spite of
these results, a relation between the cells microstructure and the macroscopic mechanical
properties hasn’t been addressed.
2.2 Measurements of macroscopic mechanical proper-
ties
As mentioned before, propagation of acoustic waves in isotropic poroelastic materials can
be modeled using the Biot-Allard theory [2] where the solid phase is defined by two of the
first three macroscopic mechanical properties: the shear modulus G, the Young’s modulus
E, Poisson’s ratio ν, and the loss factor η. The first three parameters (G, E, and ν),
following the Biot theory, are frequency dependent, and in the presence of frame viscosity,
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Figure 2.3 Individual cell from AL foam exhibiting closed windows [46].
they are complex [6, 34, 48, 74, 75]. These elastic moduli, for the mentioned materials, at
low frequency range, are in good correlation with their dynamic values (dynamic properties




= Md(ω) + Ml(ω) (2.8)
where M is the modulus of elasticity, a bar over the symbol represents a complex valued
function,  =
√−1 is the imaginary unit, ω = 2pif ; f represents the frequency (Hz), σ
and  are the Fourier transform of stress and strain, respectively, and are complex for
harmonic vibration. Md is the dynamic modulus of elasticity, Ml is the loss modulus. The





Based on the type of deformation such as bulk, shear, tensile, etc... , the M(ω) rep-
resents the related complex modulus such as bulk(B), shear, and the Young’s modulus
respectively [75]. The imaginary part of the elastic modulus is negligible if the relaxation
time of the foam is short enough [34]. Since these parameters are complex and frequency
dependent, dynamic tests (direct experimental measurements, or inverse numerical and
analytical methods) are necessary to characterize them[84]. The experimental methods to
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identify these parameters are classified into two main classes (i) dynamic methods that
are based on the measurements at quarter-wave length resonance and its harmonics, (ii)
quasi static methods that are performed at low frequency to eliminate the inertia effect.
However, the latter method may result in lower moduli values than what is measured
using dynamic methods [54] but the simulation results were found in good agreement with
experimental measurements [2, 54]. In fluid flow resistive materials, coupling adds stiff-
ness into the real part and, at lower frequencies, adds damping into the imaginary part of
mechanical impedance [17]. This method is well suited for low resistive materials but is
not reliable for thin and highly flow resistive materials nor for fibrous materials that do
not behave linearly by static pressure [17]. In addition, a minimum strain amplitude is
necessary to the dynamic Young’s modulus being realized [74]. In the latter study, it is
measured indirectly through the deformation of the porous sample at a quarter-wavelength
resonance of the solid wave [91]. The mechanical resonance in the absorption coefficient
is associated with the quarter-wavelength of the fast Biot’s wave. At this frequency, the
viscous effect in the fluid reduces and, therefore, the absorption reduces.
Quasi-static methods are classified according to their loading type: compression, torsion,
and pure shear [48]. In the compression test, the induced transverse displacement of a
cubic sample is measured by means of a laser vibrometer and provides the estimation of
Poisson’s ratio [64]. The stiffness of the sample is realized by measured force and imposed
displacement. Finally, the complex Young’s modulus is estimated using the inverse method
based on results of the FE model [64]. This method is adapted for cylindrical samples [54].
Polynomial relations are developed among the compression stiffness, the Young’s modulus,
Poisson’s ratio, and the shape factor. The shape factor was defined as R/2L, where R
is the radius and L is the thickness of the sample. To derive the polynomials, high
order axisymmetrical finite element simulations on a sample under static compression were
performed. The output of the simulation is the normalized static compression stiffness
for known shape and Poisson’s ratio. So, two disk samples of different shape factors
lead to two polynomials in terms of Poisson’s ratio. These polynomials, together with
measured stiffness, lead to two equations and two unknowns: Poisson’s ratio and the
Young’s modulus [54]. The complex shear modulus can be estimated with the pure shear
test or torsion test. For the latter, it is similar to the uni-axial compression method except
a torsional excitation is imposed. The complex shear modulus is calculated by measuring
the torque and angular displacement [28].
Mechanical properties of porous materials are sensitive to various experimental or in situ
conditions. The influence of static compression on the elastic parameters were realized
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in [34, 74]. The static compression induces modification of beams that compose the micro-
structure. A complete study on the impact of static compression on mechanical parameters
was done in [34]. The static compression affects the dynamic Young’s modulus as the com-
pression rate increases. The dependency of the Young’s modulus on static compression
rate is classified into four zones: The compression, bending, buckling of beams, and densifi-
cation of the foam. The maximum Young’s modulus is reached at the end of the first zone.
The transition from first step to second step depends on the bending which is sensitive to
strut dimensions. Results show that the resonance frequency shifts to lower frequencies
with the increase of static compression. It is worth mentioning that the limitation of the
structure in the impedance tube increases the Young’s modulus. So, the reduction of the
Young’s modulus obtained from the impedance tube is less than that of the mechanical
bench.
As mentioned before, the inertia impacts are considerable at higher frequency ranges.
This effect is neglected in the quasi-static method but the resonant methods account
for this effect. A brief description of the methods are represented by Jaouen [48]. The
complex moduli can be estimated by adapting the Langlois’ model [54] to the mass-
spring system and estimating the elastic parameters at the first resonance of the mass-
spring system [16]. The dynamic parameters can be determined from longitudinal [74]
or bending [105] vibrations of the beam too. The resonance frequencies and damping of
vibrating open-cell foam not only depend on their elastic moduli, size and shape of the
specimen, and on the boundary conditions [66] but also on the amplitude of excitation [67].
The reported experimental results address the downward shift in resonant frequencies by
increasing the excitation amplitude.
Methods based on the first quarter-wavelength resonance in the thickness of the sample
in the absorption problem have been proposed. These methods are generally based on
the surface impedance and sound absorption of the sample. The Young’s modulus is es-
timated by the inverse method [54]. At the quarter-wavelength frequency, the absorption
decreases due to the loss of the viscous effect in the fluid. Hence, it is possible to estimate
the associated frequency to the absorption resonance. An analytical relation between this
frequency and mechanical parameters are represented in [34]. In this study, the mechani-
cal properties of PU foams are measured experimentally using quasi-static measurement.
An excellent review on mechanical properties’ characterization methods can be found in
Refs. [17, 48, 83, 84].
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2.3 Global sensitivity analysis
Global sensitivity analysis is mostly used by users who practice statistics, risk analysis, and
reliability. Performing a sensitivity analysis on the entire input space (global sensitivity
analysis) rather than a point in that space (local sensitivity analysis) results in useful
information for the analyst e.g. identifying critical inputs, showing the reliability of the
model, and simplifying the model. A local sensitivity method determines the effect of
input variation on output at a specific point. A partial derivative of model output with
respect to all inputs is an example of local sensitivity analysis [88]. A global sensitivity
analysis method is used where designing parameters vary simultaneously over a wide range.
Performing derivatives over all input space is computationally expensive. Hence, the
Fourier Analysis Sensitivity Test (the FAST) method that is variance-based [13, 88] is used
to explore the multidimensional space of inputs by a search curve. The FAST method is
an efficient technique to study, not only the main effect (also named first order term (SI)),
but also to compute the so-called total sensitivity index (TSI) after the extended FAST
presented by Saltelli and Bolado [87].
Contribution of poroelastic material properties on the sound absorption curve was investi-
gated by Ouisse et al. [69] where the dissipative medium is considered as rigid-fluid firstly.
Then, the impact of macroscopic JCA parameters, belonging to wide input space on the
absorption of the curve is investigated using the FAST and Sobol method [86–90, 94].
In their study, the input space is defined base on the uncertainties associated with ei-
ther characterization results reported from three different labs and also the anisotropy
of the polymeric foam. Their results show that the impact of macroscopic properties on
absorption are, as expected, frequency dependent. In addition, mechanical properties are
dominant at the frame-resonance frequency. Results were weighed by normalized standard
deviation (NSD) to account for the variability of output. The NSD is the ratio of standard
deviation to the mean value [69] and it stands for the global sensitivity of the output. The
impact of microstructure variability on five JCA parameters and sound absorption using
micro-structural based models [24, 25] has been investigated by Doutres et. al [26]. The
contribution of microstructure parameters on output variability was determined by con-
sidering 10% variation of the nominal value for strut length and thickness. The opened
windows content of material, which is known as reticulation rate Rw (%), is defined as
the ratio of opened area to all windows area of the representative cell in numerical mod-
eling [36]. The sensitivity analysis was performed on three virtual foams: (i) V 1: highly
reticulated Rw = 80%, (ii) V 2: poorly reticulated Rw = 20%, and (iii) V 3: moderately
reticulated Rw = 50%. Their results show that the flow resistivity σ is the most sensitive
2.4. OPTIMIZATION OF VIBRO-ACOUSTICAL PERFORMANCE OF
POROELASTIC MATERIALS 19
parameter to variation in microstructure properties. However, the variation in σ is associ-
ated with the strut length for V 1 and V 3 while reticulation rate has the most impact on σ,
α∞, Λ, and Λ′ where reticulation rate is low V 2. In addition, they showed that a precise
measurement on strut length results in less variation in outputs. It should be stated that
the same comment was mentioned for reticulation rate measurements of poorly reticulated
PU foams. In a more recent study, the FAST method was used by Christen et. al [11] to
show the impact of variation on properties of isotropic, orthotropic, and sandwich plates
on transmission loss. They showed that the Young’s modulus is the key parameter at high
frequency where it can change the bending stiffness of the plate and damping is dominant
around the coincidence frequency. They also pointed out the role of the shear modulus of
the core of the orthotropic sandwich plate around coincidence frequency.
2.4 Optimization of vibro-acoustical performance of
poroelastic materials
Flexible, open-cell, highly porous polyurethane foams are widely used in vehicles as good
sound absorbers and vibration isolators. Designing new vehicles that serve competitive
market purposes drives foam designers to passively improve the vibro-acoustical perfor-
mance of such foams. Based on the application, absorption, and/or insulation, several
methods have been presented so far, some examples are: (i) multilayer the poroelastic
layer namely acoustic trim, (ii) optimizing the surface shape of the material, (iii) foam per-
formance optimization by varying the micro-structure, and (iv) using functionally graded
materials. These methods are briefly reviewed in the following:
N
(a) (b) (c)
Figure 2.4 (a) Multilayer, (b) wedge shape, (c) The FGM is divided into a
number of thin homogenous layers and will be modeled by TMM.
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It is common to use multilayer (known as acoustic trim) to reduce the impedance mismatch
between acoustic impedance of air and the surface impedance of the foam [44, 98]. The
effect of ordering the layers with different flow resistances, in an absorption problem, is
illustrated by [44]. The absorption is improved for the configuration in which the flow
resistance of the layers is decreasing with distance from the rigid backing wall. The
combinations of the layers in terms of the number of layers and their respective thickness,
in the transmission problem, was optimized [98]. Their optimization was performed with
a material chosen from a list which contains a limited number of solids, air layers, and
foams. Another common method to improve the performance of the foams is to change
the surface shape of the foams. The impact of the surface shape of porous foams, specially
wedge shaped foams, on the absorption and transmission loss were studied by several
authors [9, 51, 52]. The transmission loss of the wedge is significantly higher than a
plane foam layer of the same volume in some frequency ranges [51]. The same increase
in transmission loss is achieved by varying the pore tortuosity across the width of a plane
foam layer.
As mentioned before, the macroscopic acoustic behavior of the foams is dependent on the
micro-structure of the foams. Therefore, the vibro-acoustical performance of poroelas-
tic foams can be improved by modifying the micro-structure properties [30, 58, 61]. In
Franco’s study, the structural-acoustic response of a sandwich panel with different core
and face sheet properties was examined to reduce the vibration levels and consequent
radiated sound power. Because of the configuration of the core, the core stiffness is con-
trolled independently along different directions of a truss-like cell by altering the cross
sectional area of the road elements. An improved acoustic behavior, either the weight or
pressure response, is achieved by altering the microscopic properties of the foam [58]. In
the Lind-Nordgren’s study, the microscopic parameters of the Gibson’s model [38], where
an isotropic open-cell foam is modeled as cubic array, are considered as variables in an
optimizer. The results confirm that the acoustic behavior of the foam can be enhanced as
well as reduced in weight.
So far, it has been shown that the acoustic performance is improved by multilayering, retic-
ulation, or shaping the foam (e.g. wedge shape) passively over a wide frequency band.
Because of limitations in shaping and multilayering, new foams with graded properties
at micro- or meso- scale have been studied recently. If foam properties vary continu-
ously with the position inside the foam then the effective density and bulk modulus of
the inhomogeneous equivalent fluid is a function of the position. For instance, the ab-
sorption is improved by designing a less reflective (reducing the impedance mismatch
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at the impinging surface) and less transmitting material (maximum impedance at back-
side) [20]. These materials can be found in many fields, for instance, in optics [63] or in
acoustics[20]. Such materials with graded macroscopic properties are called functionally
graded materials. In the first studies on FGM, the reflection coefficient of a plane wave
incident on a marine sediment, where the density is assumed to vary with depth, was cal-
culated [79–82]. Recently, characterization of FGM foams has been realized. The profile
of the spatially varying parameters in macroscopically inhomogeneous, porous materials
are reconstructed [20, 21, 41, 42]. The internal pressure field in two-layer medium shows
that the impedance mismatches between layers gives rise to the interferences in the first
layer. In other words, the interferences are caused by the inner strong reflections which
lead to strong oscillations of the reflection and transmission coefficients [21], Figure 2.5.
This method, together with an optimization approach, is used to characterize the spa-
tially varying parameters in macroscopically inhomogeneous materials [22, 32, 41]. In a
more recent study, it was shown that the impedance mismatch between air and reflective
surface reduces using multi-layering or acoustic lining (wedges) [23]. The FGM shows the
same performance of the acoustic linings in reduction of impedance mismatch between air
and reflective surface. In addition, the interferences are decreased in FGM. The impact
of the reticulation rate gradient with thickness on the absorption coefficient is studied
in [23]. The modeling of FGM is based on stratifying the foam into N homogenous sub-
layers. Acoustical behavior of such a discrete medium is predicted by using the classical
transfer matrix method. The reticulation rate being inter-correlated with non-acoustical
parameters. Therefore, non-acoustical parameters are a function of the thickness of the
foams backed by the rigid wall. Results show that the absorption coefficient improves, in
comparison with the optimal homogenous foam, by increasing the air flow resistivity with
the thickness of the foam. The FGM improves the absorption, compared to the optimal
homogenous foam, at a high frequency range. The FGM enhances the absorption at low
frequency if it provides higher flow resistivity than optimal homogenous foam [23].
2.5 Conclusion
As mentioned in this section, the majority of previous micro-macro correlation studies on
PU foams have been based on either fully reticulated or fully closed PU foam. The par-
tially reticulated PU foam studies have not addressed a correlation to predict the impact
of closed pore content on the mechanical properties of PU foam. Furthermore, the contri-
bution of microstructure properties on vibro-acoustical performance of PU foams includ-
ing mechanical properties, has not been addressed yet. Functionally graded macroscopic
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Figure 2.5 The interference effect is reduced in the linearly varying proper-
ties medium with constant gradient of properties. This effect is shown on the
reflection and transmission coefficient [21].
properties of foams was shown to be useful in the absorption problem. Here, micro-macro
correlations and sensitivity analysis results are used to serve the optimization purposes
using a functionally graded concept.
CHAPTER 3
EFFECT OF MICROSTRUCTURE CLOSED-
PORE CONTENT ON THE MECHANICAL
PROPERTIES OF FLEXIBLE POLYURETHANE
FOAM
This chapter is an extension to the previous studies on micro-macro correlation for highly
porous polyurethane foam performed by Doutres et al. [24, 25] at Groupe d’Acoustique
de l’Université de Sherbrooke (GAUS). In this study impact of reticulation rate is added
into an existing micro-macro model that correlates the strut length and thickness into
mechanical properties of the studied PU foam.
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Abstract
Poroelastic models are constructed based on a set of physical parameters known as the
Biot’s parameters (for isotropic materials these are comprised of 5 non-acoustical parame-
ters and 4 mechanical parameters). These macroscopic properties are inter-correlated and
dependent on the microstructure of the foam. Therefore, to optimize vibroacoustic behav-
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ior, the correlation between foam microstructure and macroscopic properties is needed. In
this study, the effect of closed windows content (known as reticulation rate), cell size, and
relative density on the mechanical properties of polyurethane (PU) foam are numerically
studied using an isotropic, tetrakaidecahedral unit cell. Then, an existing analytical model
that correlates unit cell microstructure properties (thickness and length of struts) of fully
reticulated foams to their mechanical properties is extended numerically. The membrane
thickness is considered to be thinner at the center and larger at the edge of the window.
The ratio of membrane thickness to strut thickness is either considered to be fixed or vari-
able. Results show that the Young’s modulus and Poisson’s ratio of unit cells with smaller
cells size, when relative density is fixed, are more affected by closed window content.
keyword: Polyurethane foam, Mechanical properties, poroelastic, Biot’s parameter, Micro-
Macro model, Reticulation rate.
3.1 Introduction
The skeleton of porous materials can be modeled as elastic, rigid, or limp [2]. Propagation
of waves in elastic porous media, e.g. polymeric foams, is described by Biot-Allard’s
theory [2, 4, 5]. Porous media with rigid frames (e.g. metal foams) and limp frames (e.g.
soft fibrous) can be modeled using the same theory under specific assumptions which lead
to simplified equations [2]. Two classes of characteristic parameters are needed to describe
the porous media in Biot-Allard’s model. First, non-acoustic parameters: porosity φ,
thermal characteristic length Λ′, viscous characteristic length Λ, flow resistivity σ, and
tortuosity α which are used in Johnson-Champoux-Allard’s (JCA) semi-phenomenological
model [2, 8, 49]. Second, mechanical parameters, in the case of isotropic material, are: bulk
density ρ, Young’s modulus E, loss factor η, and Poisson ratio ν. It is well known that the
mechanical and non-acoustical properties are inherently dependent on the microstructure
properties of porous media. Hence, a clear understanding of the correlation between the
microstructure and acoustical behavior of the foam is of utmost importance in the design
and optimization of such foams. So far, the correlation between microstructure and non-
acoustical parameters of foams with different internal structures has been studied by four
different approaches: analytical [2], scaling laws [2, 24, 25, 38, 40, 73], numerical [43, 71,
72, 76, 78], and empirical methods [14, 45, 53].
The internal structure of most porous material, such as highly porous polyurethane foam,
is too complicated to be studied quantitatively. Therefore, a representative volume element
(RVE) which is the minimum volume portion of a lattice containing the microstructure of
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the lattice and representing the behavior of the lattice, is considered [56, 99]. The RVE
in idealized PU foam is a tetrakaidecahedral unit cell which is periodic in a lattice. The
microstructure properties of PU unit cell are: geometrical properties of strut (strut cross
section shape and material distribution along the strut), thickness t at the center of struts,
length of struts l, reticulation rate Rw (defined by [24] as the ratio of the area of the open
windows to the area of all windows which are placed on the same plane), cell size Cs,
and relative density ρr ( that is defined as the ratio of unit cell density to cell constituent
material density ρ/ρs, and it is related to porosity with φ = 1− ρr).
The microstructural properties of tetrakaidecahedral unit cells are characterized using two-
dimensional (2D) images obtained from a scanning electron microscope (SEM) [24, 25] (see
Figure 3.1a and b) or using three-dimensional (3D) images obtained from micro-computed
tomography (µCT ) [47, 73, 101] (see Figure 3.1c). Based on the morphology of PU foams,
the microstructure of these foams with low relative density can be idealized by a lattice of
repeating unit cells as shown in Figure 3.1d. Two kinds of Kelvin (after [100]) unit cells
are commonly considered in mechanical behavior studies [39, 43, 56]. In this study, the
tetrakaidecahedral unit cell, shown in Figure 3.1e, is called KC1 and the other unit cell,
Figure 3.1f, is named KC2. The correlation between the microstructure properties of foams
with a tetrakaidecahedral unit cell shape and their mechanical properties has been studied
by [18, 39, 56, 65, 93, 96, 97, 110]. Previous studies can be mainly classified according to
their assumptions on (1) deformation mechanisms (e.g. bending, axial, shear, or torsional
deformation) [39, 46, 62, 97, 110] (2) the struts geometry (e.g. material distribution along
strut, strut cross-section shape, and accumulated mass at vertices) [39, 46, 56], and (3)
the considered RVE (e.g. unit cell or lattice) [39, 57, 99, 109].
Zhu et al. [110] presented analytically the correlation between the Young’s modulus and
relative density by considering that the deformation is caused by the bending and twisting
in struts of tetrakaidecahedral unit cells. It was shown that the contribution of transverse
shear forces and axial forces has the same order of magnitude as the effect of torsional
deformation and accumulated mass at vertices [56]. Gong et al. [39] analytically developed
a micro-macro correlations for mechanical properties of fully reticulated PU foams con-
sidering all deformation mechanisms, non-uniformity in distributed mass along the strut
with plateau border cross section, and the accumulated mass at the vertices. Two analyt-
ical models for unit cells with a uniform strut cross section and accumulated mass at the
corners have been presented by Sullivan and Ghosn [96] and [97]. In the former study, the
deformation was because of axial and bending loads. While in a later study, shear effect
was considered to be the only deformation mechanism. Later, Jang et al. [46] modified
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Figure 3.1 Lattice of PU foams (a) SEM photo (Rw = 100%). (b) SEM photo
(Rw = 27%)(c) X-Ray micro-tomography. (d) Idealized repeated unit cell. (e)
KC1 (tetrakaidecahedral unit cell) (f) KC2.
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the relations presented by Gong for struts with circular or triangular cross sections. This
modified model is referred to by Gong and Jang’s model in this study. Maheo et al. [62]
showed that the Young’s modulus is more influenced by bending rather than shear, axial,
and torsional deformation. An overestimation in predicted stiffness occurs by neglecting
one or more deformation energies in the analytical model.
Analytical relations were found in good agreement with Finite Element (FE) modeling
of an idealized unit cell presented [39, 46, 56, 110]. However, because of microstructure
idealization, the analytical and the FE models were found to underestimate the Young’s
modulus when compared with experimental measurements [39, 46]. Therefore, empirical
methods have been used to modify the relations based on idealization in geometry [39,
46, 110]. In some studies, the distribution of materials were considered to be uniform
along the struts [43, 56, 99, 110], and in others, the accumulated mass at vertices was
neglected [56, 96, 97]. Numerical methods were mainly used to investigate the effect of
non-uniformity in cross sections, modified mass at vertices, or closed windows [46, 59, 108].
The non-uniformity in the strut cross sections thickness was found to have more impact on
the elastic moduli than the shape of the cross sections (circle, triangle, and plateau border)
and it was reported as the reason for increase in the Young’s modulus [39, 46, 50, 99].
The mechanical models which are based on an idealized characteristic periodic unit cell
(PUC) do not account for the cell irregularities that are typical of most foam structures.
The influence of cell irregularity on mechanical properties of open-cell PU foam has been
studied numerically by modeling the lattice (known as the Voronoi model) using the FE
method [31, 46, 47, 50, 57, 109]. To capture the behavior of the foam, at least 6 cells
per edge are needed to model the lattice. This number increases to 21 cells per edge as
irregularities increase. Modeling a Voronoi cell with a minimum of 6 cells per edge by using
solid elements is difficult and computationally intensive. Therefore, a lattice was modeled
by beam elements [109]. Reported results show that an increase in non-regularities results
in an increase in the Young’s modulus [57, 109]. It is worth mentioning that the influence
of strut thickness non-uniformity is found less important than the effect of cell irregularity
on the Young’s modulus of the foam. Therefore, numerically periodic unit cell models are
not as reliable as Voronoi models but are computationally less expensive.
Mechanical properties of either polymeric or metallic cellular materials with tetrakaidec-
ahedral unit cell while all the windows are completely closed have also been studied [3,
10, 45, 76]. Reduction in Youngs modulus by increasing variability in cell size [76] and
non-uniformity in cell wall thickness [10] are pointed out in the closed cell related numer-
ical studies. In the latter study, it is assumed that at least 10% of windows remain open
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and unit cells stay interconnected through the open parts of windows. The closed window
is known as a defect in the manufacturing process of open-cell AL foams. The impact of
closed windows on mechanical properties of the Aluminum (AL) foams was analytically
studied by using cubic cell models [108] and numerically investigated for tetrakaidecahe-
dral unit cells when the struts have a circular cross section [45, 46, 59]. In these studies,
windows of the unit cell are considered as either binary opened or closed (these windows
are referred to here as binary reticulated). In Jang’s and Lu’s studies, it is assumed that
the square windows have the same chance as hexagonal windows of being closed and the
thickness of the closed windows is the same as the strut thickness. In addition, the rel-
ative density is kept the same as the open cell model [59]. Therefore, less solid material
is distributed to the struts of closed cells and, in consequence, the Young’s modulus de-
creases as the percentage of closed windows increases. The Young’s modulus of completely
closed pore cellular material as a function of the relative density of the foam was studied
by [46], [59], and [108].
The membrane impact on relative density of highly porous PU foams, the same PU foams
used in this study, was shown negligible by [24]. However, the relative density ρr is affected
by closed membrane content, when ρr ≥ 0.15, in Robert’s model [78]. Elastic stiffness of
four PU foams with different close pore content was reported by [107]. Their results
show that fully closed-pore, with ρr = 11.6%, is 92.6% stiffer than fully-open windows
PU foam. The effects of closed windows on the Young’s modulus and the non-acoustical
properties of two PU foams with different porosity were studied by [43]. In their model,
the foams’ lattices are idealized by periodic unit cells. The struts have a circular cross
section with uniform thickness along the length and spherical accumulated mass at the
corners. The thickness of the membrane closing the windows is constant and the windows
are partially reticulated. Solid elements are used to model the different unit cells including
the membranes. The FE results were compared with experimental results obtained from
static compression tests. To capture the mechanical properties of the foam, it was assumed
that unit cells with cubic symmetry have random orientations for isotropic foam. A 164%
increase in Young’s modulus, because of the presence of membrane, was reported for
PU foams with 93% porosity, 9% reticulation rate, and 2µm membrane thickness. This
increase in the Young’s modulus reaches 296% when the thickness of the membrane is
increased to 10µm. The effect of the reticulation rate and membrane thickness on the
Young’s modulus of the foam with 97% porosity was reported as 768%, and 1244% where
the membrane thicknesses are 2µm and 10µm respectively. In spite of these results, to
the best of our knowledge, the impact of closed membrane content on Poisson’s ratio and
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expressions describing the correlation between microstructure properties and mechanical
properties haven’t been presented.
As mentioned in this section, the major number of previous micro-macro correlation studies
on PU foams have been based on either fully reticulated or fully closed PU foam. The
partially reticulated PU foam studies have not addressed a correlation to predict impact
of closed pore content on mechanical properties of PU foam. In this study, not only the
effect of reticulation rate but also cell size and relative density are numerically studied
and used to extend an existing micro-macro model that correlates unit cell microstructure
properties of fully reticulated foams to their mechanical properties. Hence, based on
the range of relative density, cell size, and reticulation rate, obtained from microstructure
characterization using SEM photos, different configurations of the KC1 unit cell is modeled
numerically in Section 3.2. The models are categorized based on two sets of relative
densities, three different cell sizes, and six reticulation rates (an example of when relative
density is fixed and different configurations can be created by a combination of different
cell sizes and reticulation rates is shown in Figure 3.2). In section 4.6, the Young’s modulus
and Poisson’s ratio are identified by performing a compression and a shear numerical test
for each configuration. The modified micro-macro correlation are presented to add the
impact of reticulation rate, cell size, and relative density into the Gong-Jang’s analytical
model. In Section 3.3.2, quasi static tests are used to corroborate the validity of the
proposed expressions and show the effect of closed membrane on the Young’s modulus of
PU foams with different microstructure properties.
Figure 3.2 Unit cells with three cell sizes and six reticulation rates.
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3.2 Mechanical properties of Unit Cell
3.2.1 Numerical model for unit Cell
Since KC1 provides a higher number of windows (8 quadrilateral and 8 hexagon), it is
preferred to study the impact of reticulation rate on mechanical properties of PU foam.
This is of value for reticulated windows since a wider range for reticulation rate is reachable.
In most cases, non-isotropic properties are expected since the cells are elongated in the rise
direction due to the foaming and rising process. The focus of this work lies on the impact
of the membrane closing the windows. Hence, the degree of anisotropy, which is defined as
the ratio of the maximum height of cells to the lateral dimensions, is taken equal to one [24,
38, 77]. The geometry of the unit cells are created in SOLIDWORKS-(Dassault Systs)
and FE models are solved in Abaqus 6.14-2-(Dassault Systs). The quadratic tetrahedron
(type C3D10) element is selected for struts and vertices. To impose the periodic boundary
condition (PBC), the mesh patterns on the left, bottom, and front sides are copied to the
right, top, and rear sides of the unit cell respectively.
Reticulation rate should be defined as the ratio of the area of the open windows to the
area of all windows when a 3-dimensional unit cell is used in numerical modeling. The
pore of unit cell can be either proportionally reticulated by opening a ratio of the mem-
brane or binary reticulated (the windows are fully opened or fully closed) as shown in
Figure 4.2 a & b respectively. In this study, the windows are proportionally reticulated
(Figure 4.2 a) because the cubic symmetry condition is not valid when a unit cells carrying
binary reticulated windows. The membrane thickness is assumed to be variable as shown
in Figure 4.2 c. Shell elements (linear quadrilateral S4R) are used to assess the mem-
brane effect. In the literature, the measured values for the constituent material (struts)
mechanical properties are scattered over a wide range ([2− 69]MPa)[38, 39, 46] due to
measurement uncertainties. This study uses the mechanical properties measured by [39]
as listed in Table 3.1.
Material properties of the constituent material[39]
Density, ρs, kg/m3 1190
Elastic modulus, Es, Pa 69e6
Poisson’s ratio, ν, 0.49
Table 3.1 Material properties of the struts
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(c)
Figure 3.3 Methods used to create different reticulation rate. (a) Removing
a fraction of the surface of all membranes [43]. (b) Pores are binary open or
close [24, 25]. (c) Variable membrane thickness is modeled using shell elements.
3.2.2 Periodic boundary condition
In the following, Young’s modulus and Poisson’s ratio of unit cells are numerically identi-
fied by a compression and a shear deformation test. Based on loading type, appropriate
periodic boundary conditions are applied to the nodes placed on boundary surfaces of the
unit cell. Displacement of coincidence nodes placed on parallel boundary surfaces in the
compression test is written as [106]:
u+i
j − u−i j = ik∆xjk, (3.1)
where i, j = 1, 2, 3, and superscripts +j and −j stand for the jth pair of two opposite
parallel surfaces of the unit cell (in directions + & −). ∆xjk = (x+k j−x−k j) are constants for
each pair of the parallel boundary surfaces. Therefore, the right side of the equation will
be constant for specified ik. As an exapmle, the imposed PBC to the unit cells subjected








+3) − u(i−3) = 0.
(3.2)
for nodes belonging to the right, left, front, and rear faces. And, each pair of nodes placed
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+2) − u(3−2) = 0.
(3.3)
where Cs is the cell size (∆x22). These constraints are imposed to the unit cells. The PBCs
for the shear test are defined based on deformation gradients γi,j = ui,j + uj,i. Here, only
ui,j is applied. Therefore, two sets of BCs are applied simultaneously as shown in the
following [99]:
(u+i
j − u−i j) = γijCs,
(u+j
i − u−j i) = 0.
(3.4)
where γij is the shear strain. The periodic boundary conditions (Equations 3.1 and 3.4) are
applied on boundary surfaces of the unit cell by using constraint equations in Abaqus. To
do so, the boundary mesh pattern of a master surface is copied on the opposite boundary
surface of the RVE (see Figure 3.4) and then, mesh is generated [95].
3.2.3 Derivation of the elastic constants
In this section the procedure of deriving linear elastic properties of the unit cell is de-
tailed. The tetrakaidecahedral unit cell KC1 with partially reticulated membrane shows
cubic symmetry. Therefore, the elastic tensor is defined by three independent elasticity











C11 C12 C12 0 0 0
C11 C12 0 0 0
C11 0 0 0













the elasticity tensor component are: C11 = λ + 2µ, C12 = λ, and C44 = µ. where, λ
and µ are Lamé constants. Therefore, C44 = µ is derived using a shear test together
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Figure 3.4 Boundary mesh pattern of a master surface is copied on the mirror
surface.
with associated periodicity conditions presented in Equation 3.4 and a compression test
(PBCs defined in Equation 3.1) results in longitudinal modulus C11, and C12. Mechanical
properties are calculated as shown in the following:
λ =
Eν
(1 + ν) (1− 2ν) ,
µ = G =
E




3.3.1 Impact of closed-windows on the mechanical properties
Before adding membrane into unit cells, mechanical properties of a fully reticulated Rw =
100% unit cell obtained from numerical calculations are validated by comparison with
the Gong-Jang’s analytical models (Equations 5.9 & 5.10). It should be mentioned that
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where CI = 0.1338, CA =
√
(3)−pi/2, and β = 1.24 are geometrical constants for plateau
border cross section shape of the struts. C1 = 0.0168241 and C2 = 0.654375 are dependent
on the distributed material along the strut thickness. They are explained in the Gong and
Jang’s study [39, 46]. As shown in Figure 3.5 a & b, SEM photos are used to measure the
distribution of material along the strut, strut length (Figure 3.5 c), and strut thickness
(Figure 3.5 d).
Indeed, the micro-macro models presented in Equations 3.7 and 3.8 depend on microstruc-
ture properties of Gong and Jang’s model (ratio of strut length to thickness, strut cross
section shape, and non-uniformity of strut thickness). Morphology of the studied PU
foams, using SEM photos, shows high variability in the ratio of strut length to strut thick-
ness. The variability is associated with anisotropy which is a consequence of elongation
in the rise direction during the foaming process. Wide normal distribution for l/t results
in divers prediction of Young’s modulus. Hence, the mean value of l/t of each PU foam,
before being used in either Equation 3.7 or Equation 3.8, is validated through comparison
of the porosity estimated using Equation 3.9 and experimental measurements. Therefore,
the model presented by [24] is recalled here:









A fully reticulated unit cell when cell size is fixed to Cs = 600 × 10−6(m) and l/t =
3.0, that results in ρr = 2.6%, is considered to compare the numerical and analytical
predictions. Properties of the constituent strut material of unit cells are listed in Table 3.1.
Results show that numerical model (E/Es = 0.14% and ν = 0.43) captures accurately
the predicted result obtained from analytical Gong-Jang’s model (E/Es = 0.13% and ν =
0.43). The reasons for small differences between the analytical model and FE models can be
attributed to limitations in CAD models to create the exact profile for struts, removing the
exact amount of material at the corners in numerical models, and difficulties in determining
deformation energies at the vertices in the analytical model. In the following, the numerical
model will be modified in order to account for the presence of membranes closing the pores







Figure 3.5 The SEM photos of the struts to show the variation of cross section
area of the strut in studied PU foams. (a) PU1, (b) PU14, (c) length of strut
used in FE model, and (d) strut thickness at the center of strut.
The tetrakaidecahedral unit cells KC1 with different reticulation rate, cell size, and relative
densities are considered to identify the effect of cell properties on mechanical properties of
a lattice of PU foam. It is worth mentioning that different reticulation rates are provided
numerically by closing a fraction of windows as shown in Figure 4.2a. In the first set of
numerical calculations, the membrane thickness is fixed in all models. Therefore, the ratio
of membrane thickness to the strut thickness is reduced by increasing the cell size (relative
density is fixed l/t = constant, therefore thickness of strut t increases as cell size increases,
Cs = 2l
√
2). Measurements show a slight increase in membrane thickness at struts edge
vicinity. Membrane thicknesses at the center and near the strut edges of a studied PU foam
(PU5) are measured using SEM photos as tm0 = 2.1± 0.45(µm) and tm1 = 3.0± 0.40(µm)
respectively. Therefore, the nominal values of the membrane thicknesses are considered in
the first set of numerical models. The associated results are shown in Figure 3.6.
The Young’s modulus and Poisson’s ratio are numerically calculated using the approach of
Section 3.2.3. Figure 3.6 shows the impact of variation in unit cell properties on mechanical
properties of the PU foams for the first set of calculations. In Figure 3.6, E100 (ν100) stands
for the Young’s modulus (Poisson’s ratio) of fully reticulated PU foam, ERw (νRw) is the
Young’s modulus (Poisson’s ratio) of partially reticulated PU foam, and vertical axis
presents the impact of adding membrane on mechanical properties. The unit cells relative
density are fixed to ρr = 2.6% in Figures 3.6a & c (or l/t = 3.0), while Figures 3.6b &
d present the results when ρr = 3.6% (l/t = 2.6). As shown in Figures 3.6, the impact
of reticulation rate on mechanical properties of PU foam increases as cell size decreases.
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In other words, for a fixed relative density, cell size reduction results in decrease in strut
thickness. Therefore, the ratio of membrane thickness to strut thickness increases. The
same trend can be observed for relative density. The maximum reticulation rate effect
on Young’s modulus and Poisson’s ratio, when unit cell size and reticulation rate are
minimum, reach 300% and 25.0% respectively. It is also shown in Figure 3.6b that, for
relative density ρr = 3.6%, the cell size impact on mechanical properties of the foam
when reticulation rate is larger than 85% is very low. Comparing mechanical properties
at fully reticulated points (Rw = 100%) indicates that, as long as relative density remains
constant, mechanical properties of unit cell are independent from cell size. Computational
results point out that the impact of closing windows on the Young’s modulus is additive
while this effect on Poisson’s ratio is subtractive. This means that adding membrane to
the windows results in a higher Young’s modulus and lower Poisson’s ratio in comparison
with fully opened windows.
Using results presented in Figure 3.6, the following two relations are proposed to predict





























































where, ∆E = (ERw−E100), ∆ν = (νRw−ν100), reticulation rate Rw can be 10 ≤ Rw(%) ≤
100, and Cs is cell size (m). The predicted difference (dashed lines in Figure 3.6) show that
Equations 3.10 & 3.11 capture the FEM results. Relative density is related to strut length
and thickness as mentioned in Equation 3.9. The cell size is equal to Cs = Al
√
2, where
A = 2 for isotropic unit cell. For PU foams considered in this paper, [25] found constant
A = 2.33 ± 0.36 very close to the isotropic unit cell. The relative Young’s modulus and
Poisson’s ratio of partially reticulated PU foam are calculated using Equation 3.10 and




Figure 3.6 The impact of reticulation rate on mechanical properties of PU foam
for different cell sizes and relative densities. Relative density for (a) and (c) is
ρr = 2.6% and for (b) and (d) is ρr = 3.6%. (a) and (b) present the impact of
closed windows content on Young’s modulus while (c) and (d) show the impact
of reticulation rate on Poisson’s ratio. The dashed line shows predicted results
using Equations 5.7 & 5.8.
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In the second set of numerical calculations, the ratio of membrane thickness to strut
thickness is fixed and it is assumed to be the same as PU5 that is 4.2% at edges and 3.1%
at center. Figure 3.7 shows the results when the ratio of membrane thickness to strut
thickness remains unchanged but cell size varies. As depicted here, for cells with the same
relative density, the cell size impact vanishes when ratio of membrane thickness to strut
thickness is kept constant. It should be mentioned that the ratio (l/t) is fixed.
3.3.2 Validation
Experimental setup:
Impact of the reticulation rate on the mechanical properties of PU foams is investigated ex-
perimentally by performing compression tests at low-frequency using a quasi-static method
(QMA) [54]. In this method, at least two cylindrical samples with different shape factors
(the ratio of half radius to thickness of the sample) are used. The samples are placed be-
tween two rigid plates with non-slippery surface conditions. A small amplitude, sinusoidal
compression is imposed and the reaction force is measured. Based on the method proposed
by [54], the Young’s modulus and the Poisson’s ratio are measured. To avoid non-linearity
effects, a maximum static strain of 2% is applied to the samples while dynamic strain is
0.02%. The Young’s modulus of 20 PU foams is measured using the QMA method and
results are listed in Table 3.2. Furthermore, reticulation rate Rw, cell size Cs, and ratio
of l/t are characterized using SEM micrograph. Porosity φ is measured using the method
presented by [85].
Comparison of experimental and numerical results
Results obtained from numerical investigations are compared with experimental mea-
surements. To do so, twenty PU foams, listed in Table 3.2, are classified into four
groups based on the cell size. Group A represents PU foams with cell size within Cs =
655 ± 58(µm). Group B includes foams with Cs = 761 ± 78(µm), Group C foams with
Cs = 1247±103(µm), and Group D foams with Cs = 1562±124(µm). The first column in
Table 3.2 indicates the group that each foam belongs to. Experimental measurements cor-
roborate the numerical results in such a way that reticulation rate impact on the Young’s
modulus has increased by reducing the reticulation rate. In addition, the impact of closed
pore content decreases when cell size increases. To compare with Equation 5.7, cell size,
relative density, and reticulation rate are needed (Table 3.2). An average relative density
and cell size is thus used for every set of foams in Equation 5.7. It should be added that
the maximum ratio of membrane to strut thickness is 4% when membrane thickness is
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Figure 3.7 The ratio of membrane thickness to the strut length remains con-
stant for two cells with different cell sizes and fixed ratio of l/t.
Group Foam Rw(%) Cell size (µm) l/t φ (%) EQMA(kPa)
A PU1 100 680±90 3.2±1.2 95.1±1.8 250±10
A PU2 100 650±40 2.8±0.9 97.2±1.8 274±20
A PU10 100 671±80 3.2±0.9 96.8±1.8 301±14
A PU11 100 665±40 2.5±0.9 95.9±1.8 221±10
A PU16 100 540±40 3.2±1.3 95.5±1.8 248±11
A PU14 100 689±35 3.3±1.0 96.4±1.7 229±12
A PU12 86 681±50 2.8±1.0 94.8±1.7 282±22
A PU7 27 671±68 3.1±1.2 96.7±1.8 465±25
B PU6 100 750±80 2.8±1.0 96.1±1.8 240±15
B PU15 100 727±84 3.2±1.0 95.1±1.8 223±14
B PU5 38 730±51 2.9±0.9 95.6±1.8 295±18
B PU18 28 878±93 3.0±1.0 97.4±1.7 313±13
B PU13 20 722±80 2.6±0.9 94.4±1.6 368±40
C PU19 100 1190±122 3.4±1 96.4±1.8 235±18
C PU20 100 1352±63 3.0±1 96.1±1.8 227±12
C PU17 11 1200±115 2.7±1.1 96.3±1.8 323±32
D PU8 100 1450±150 2.8±0.8 97.0±1.8 284±19
D PU9 100 1350±150 3.2±1.0 96.4±1.2 260±05
D PU3 30 1700±100 3.8±1.2 94.5±1.9 272±18
D PU4 31 1750±100 3.3±1.1 94.9±1.7 274±17
Table 3.2 Reticulation rate, PUC properties, and Young’s modulus of PU
foams.
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tm1 = 3µm and strut thickness is t = 70µm. Results show that, apart from foam in group
D, Equation 3.10 is able to qualitatively capture the effect of added membrane on the
Young’s modulus. However, the difference is related to the uncertainty and variability in
microstructure properties of studied PU foams and experimental measurements of Young’s
modulus. Measurement of membrane thickness and its constituent material properties are
added to the possible origins of discrepancies between experimental measurements and
numerical predictions when PU foams are partially reticulated. The predicted Young’s
modulus of foams in Groups A, B, and C are commonly overestimated. This can be ex-
plained as unit cell idealization results in more flexible representative unit cell structures.
Therefore, membrane closing the windows plays a more important role in the stiffness of
the unit cell. In addition, uncertainties on constituent material and experimental mea-
surement such as imposing static compression using the QMA method affects the Young’s
modulus [34] are other reasons for difference in prediction and experimental measurements.
It should be mentioned that, because of a lack of accuracy in the used experimental mea-
surements, results of experimental measurements of Poisson’s ratio have not been reported
here. It is worth mentioning that considering smaller Poisson’s ratio for constituent ma-
terial than ν = 0.49 results in lowering the impact of reticulation rate on Poisson’s ratio
of the unit cell.
3.4 Conclusion
The Biot’s parameters are inter-correlated and are microstructure-dependent. There is,
in consequence, a need for the development of links between the cellular structure of the
foams and the Biot’s parameters before realistically using these models for material-level
optimization. In this sense, a microstructure-based model has been developed by [24, 25]
to link the microstructure (thickness and length of struts and the closed windows content)
of polyurethane foams to their non-acoustical parameters. An analytical relation which
correlates the macroscopic mechanical properties of fully reticulated PU foams into their
microstructure parameters has been presented by [39] and [46]. In this study, the latter
model is augmented numerically to account for the effect of reticulation rate, cell size,
and relative density on the mechanical properties of PU foams. The membrane thickness
is considered to be variable. Results show that the impact of closed pore content on
mechanical properties of the PU foam reduces by either increasing the cell size or relative
density of the foam only if the strut to membrane thickness is not constant. In addition,
the Young’s modulus of the foam increases by closing a greater portion of the windows
while the Poisson’s ratio decreases for the same amount of variation in closed pore content.
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Anisotropy in PU foams results in an increase in variability in ratio of the strut thickness to
the struts length. Therefore, the ratio of struts thickness to the length should be averaged
over all struts using SEM photos. Micro-structure properties and Young’s modulus of
20 PU foams are characterized using SEM photos and QMA measurement respectively.
Results show that the predicted effect of reticulation rate on the Young’s modulus is
qualitatively in accordance with the measured Young’s modulus.
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CHAPTER 4
IMPACT OFMICROSTRUCTURE VARIABIL-
ITY ON PROPERTIES OF PU FOAM
In this section, the impact of of microstructure properties of PU foams on Biot-Allard’s pa-
rameters, sound absorption and transmission loss of double wall systems are investigated.
To do so, mechanical and non-acoustical micro-macro models developed by Gholami et.
al [37] and Doutres et. al [24, 25] respectively are used.
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Abstract
Nowadays, designing lightweight vehicles has driven the foam manufacturer needs to im-
prove vibro-acoustical performance of poroelastic materials. It is well known that macro-
scopic parameters are inherently dependent on microgeometry of these materials. Micro-
macro models that correlate the microstructure properties of highly porous polyurethane
(PU) foams to the macroscopic Biot-Allard parameters are commonly relayed on an ide-
alized, tetrakaidecahedral, periodic unit cell (PUC). Therefore, PUC properties not only
have to be identified but also their role in vibro-acoustic indicators at each frequency step
needs to be quantified. The latter step also reveals the impact of microstructure variabil-
ity (either due to bulk inhomogeneity or measurement uncertainty) on the macroscopic
behavior. This has been done by Doutreset al. [26] for sound absorption of flexible PU
foams using the rigid Johnson-Champoux-Allard (JCA) model assumption. In this pa-
per, we propose to extend a global sensitivity analysis method (the FAST) to identify
the impact of microstructure role on, first, Biot-Allard parameters and second, on vibro-
acoustical indicators (absorption and transmission loss) of poroelastic polyurethane foams
using micro-macro models developed by authors [24, 25, 36]. In addition, the uncertainty of
the structures, used in a double-wall system, on transmission loss is investigated. Results
of this study determine the contribution of microstructure properties of PU foam used on
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different vibro-acoustic indicators. In addition, it shows how variability in microstructure
properties affects the output.
4.1 Introduction
Poroelastic materials are made up of an elastic skeleton and an interstitial fluid that, for
impinging acoustic waves propagating through, provide structure-born and air-born paths
respectively. The internal structure of most poroelastic materials, such as polyurethane
(PU) foams, is too complicated to be studied quantitatively. Therefore, macroscopic
characteristic parameters that are dependent on microstructure properties are needed to
describe the porous media. Macroscopic parameters in Biot-Allard model [2, 4, 5] for
isotropic materials are comprised of five non-acoustic parameters (porosity φ, thermal
characteristic length Λ′, viscous characteristic length Λ, flow resistivity σ, and tortu-
osity α∞) which are used in Johnson-Champoux-Allard (JCA) semi-phenomenological
model [2, 8, 49], and four mechanical parameters (bulk density ρ, Young’s modulus E, loss
factor η, and Poisson’s ratio ν). Hence, providing tools that (i) correlate the microstruc-
ture properties of poroelastic material to their Biot-Allard parameters (i.e. the above
mentioned 9-parameters), (ii) identify the impact of microstructure properties on vibro-
acoustic indicators, (iii) define reliability of micro-structural based models, at the early
stages of design and optimization, are of great interest. In micro-structural based mod-
els the lattice of highly porous PU foams is commonly idealized by a tetrakaidecahedral,
periodic unit cell (called PUC). The PUC is identified by its microstructure properties:
strut thickness t, strut length l, and reticulation rate Rw. Investigating the contribution of
PUC properties on Biot-Allard’s parameters and vibro-acoustic indicators by performing
a global sensitivity analysis on micro-structural based models that have been developed
by the authors [24, 25, 36] is the main objective of this study. Furthermore, the impact of
microstructure variability associated with PUC irregularities reveals the reliability of the
used micro-macro models that are based on an isotropic, idealized unit cell.
Sensitivity analysis method is used to identify the contribution of input parameters on
output variation. A local sensitivity method determines the effect of input variation on
output at a specific point. Partial derivative of model output with respect to all inputs is
an example of local sensitivity analysis [88]. A global sensitivity analysis method is used
when correlated design parameters vary simultaneously over a wide range. In this work,
the Fourier Analysis Sensitivity Test (the FAST) method is used. The FAST method is
a variance-based [13, 88], global sensitivity analysis technique. What makes the FAST
method computationally efficient is its ability to explore the multidimensional space of
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inputs by a search curve. The FAST method is an efficient technique to study, not only
the main effect (also named first order sensitivity index (SI)), but also to compute the
so-called total sensitivity index (TSI) [87].
The sensitivity of sound absorption curve when both JCA and Biot-Allard parameters are
selected from a wide range, using the FAST and Sobol method, was studied by Ouisse et.
al [69]. In addition, the effect of uncertainties associated with either characterization
results reported from three different labs and anisotropy of the polymeric foam was con-
sidered in latter model. Their results show that the impact of macroscopic properties on
absorption are, as expected, frequency dependent. In addition, mechanical properties are
dominant at the frame-resonance frequency. Results were weighed by normalized standard
deviation (NSD) to account for the variability of output. The NSD is the ratio of standard
deviation to the mean value [68, 69] and it describes the global sensitivity of the output.
The impact of microstructure variability on the five JCA parameters (φ, Λ′, Λ, σ, and α∞)
and sound absorption using micro-structural based models [24, 25] has been investigated
by Doutres et. al [26]. The contribution of microstructure parameters on output variabil-
ity, for virtual foams, was determined by considering 10% variation of the nominal value
for strut length and thickness. The opened windows content of material, which is known
as reticulation rate Rw (%), is defined as the ratio of opened area to all windows area
of representative cell in numerical modeling [36]. The Sensitivity analysis was performed
not only on virtual foams but also on real PU foams. The three studied virtual foams
were (i) V 1: highly reticulated Rw = 80%, (ii) V 2: poorly reticulated Rw = 20%, and
(iii) V 3: moderately reticulated Rw = 50%. Their results show that the flow resistivity
σ is the most sensitive parameter to variation in microstructure properties. However, the
variation in σ is associated with the strut length for V 1 and V 3. While, reticulation rate
has the most impact on σ, α∞, Λ, and Λ′ where reticulation rate is low V 2. In addition,
they showed that a precise measurement on strut length results in less variation in out-
puts. It should be mentioned that the same comment was mentioned for reticulation rate
measurements of poorly reticulated PU foams. In a more recent study, the FAST method
was used by Christen et. al [11] to show the impact of variation on properties of isotropic,
orthotropic, and sandwich plates on transmission loss. They showed the Young’s modulus
is the key parameter at high frequency where it can change the bending stiffness of the
plate and damping is dominant around the coincidence frequency. They also pointed out
the role of shear modulus of the core of the orthotropic sandwich plate around coincidence
frequency.
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The main objective of this paper is to investigate the contribution of PUC properties
on Biot-Allard’s parameters and various vibro-acoustical indicators of PU foam using
a global sensitivity analysis technique (the FAST method). In this regard, the FAST
method is applied to the micro-macro based models presented by Doutres et. al [26] and
Gholami et. al [36]. The former model links the microstructure properties of PUC of
polyurethane foams to their 5 non-acoustical parameters used in the JCA model, while
the latter model correlates the microstructure properties to the Young’s modulus and
Poisson’s ratio of PU foams used in Biot-Allard’s model. Considering the same amount
of variability in microstructure results in identifying how input parameters contribute to
output variability. In what follows, the sensitivity analysis is applied to two virtual foams
for which all microstructure properties of PUC have the same variability (e.g. 10% of
the nominal value). Hence, the contribution of PUC microstructure properties on Biot-
Allard’s parameters, sound absorption coefficient, and transmission loss of laterally infinite
double-wall systems (DW-TL) acoustically excited by diffuse field are identified.
The rest of this paper is organized as follows. In Section 4.2, the PUC properties and
characterization methods are detailed. Then, micro-structural based models are briefly
recalled. Sections 4.3 reviews the main principal of the FAST method. Section 4.4 presents
the considered vibro-acoustic systems and foam with associated range of variation in both
meso- and macro-scale. Then, Section 4.5 introduces the inferior and superior limits to the
microstructure and correlated macroscopic parameters. In section 4.6, sensitivity analysis
results for each vibro-acoustic system are discussed. The conclusions are presented in
Section 4.7.
4.2 Microstructure Based Modeling
4.2.1 Foam microstructure and characterization
The microstructure properties of cellular materials are measured using a scanning electron
microscope (SEM) micrograph [24, 25, 36] (see Figure 4.1 a & b), or using 3D-images ob-
tained from micro-computed tomography (µCT ) [36, 47, 70, 73, 101] (see Figure 4.1 c).
Based on the morphology of PU foams, the microstructure of these foams with low rel-
ative density ρr can be idealized by a tetrakaidecahedral, repeating Kelvin cell (after
Thompson[100]) as shown in Figure 4.1 d. Foams are called fully reticulated when all
windows are open. However, windows can be either partially (as shown in Figure 4.2 a)
or binary (see Figure 4.2 b) closed.





Figure 4.1 Lattice of high-porosity, flexible PU foam. a) 2D-SEM micrograph
of fully reticulated PU foam, b) 2D-SEM micrograph partially reticulated PU
foam, c) 3D µct , and d) idealized fully reticulated lattice consisting of a periodic,
isotropic, tetrakaidecahedral unit cell.
Isotropic tetrakaidecahedral PUC, that is used in micro-macro correlation investigations,
consists of struts of equal length and thickness (l1 = l2 = l3 and t1 = t2 = t3) as shown
in Figure 4.2. Cell elongation in rise direction during foaming process contravenes the
isotropy assumptions. Hence, variability in micro-structure properties is observed (see
Figure 4.1 a|& b). Furthermore, the microstructure properties are manually characterized
using 2D-SEM images. Identifying geometrical properties of a 3D-structure from 2D-
micrographs results in uncertainty in nominal values. In this study, the uncertainty in
measurements is considered to be negligible compared to variability associated with micro-
geometry inhomogeneity and irregularity. It should be mentioned that, in Doutres et.
al [24, 26] model, the strut’s length l is defined as mean value of l1, l2, and l3 and the
thickness of the strut is defined as a = t
√
3/2 (t is defined in Figure 4.2 c) while the
nominal value of l/t for every strut is used to predict the Young’s modulus of the PU foam
in Refs. [36, 39, 46]. Reticulation rate Rw is practically estimated, at a mesoscale where
numerous cells are present, by the ratio of visible open windows to the total number of
visible windows [24, 25].
4.2.2 The micro-macro model
The Biot-Allard’s model of wave propagation through poroelastic materials is based on
nine-macroscopic parameters. The reticulation rate effect has been integrated into five
JCA parameters by Doutres et. al [24, 25]. Doutres’s semi-empirical model is based on
a combination of geometrical properties of PUC, augmented scaling laws, and empirical
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(c)
Figure 4.2 Tetrakaidecahedral unit cell when windows are a) partially closed,
b) binary closed, and c) strut thickness.
observations. These correlations are briefly recalled in the following. For more information
the readers are referred to references [24, 25].
Porosity is defined as the ratio of fluid volume Vf to the total volume Vt of a represen-
tative volume element (RVE). Thermal characteristic length Λ′ is defined as twice the
average ratio of the cell volume to the wet surface At. Therefore, the porosity and the
thermal characteristic length are based on geometrical properties of the RVE that is ideal-
ized as isotropic tetrakaidecahedral unit cell, and they are determined from the following
expressions [24]:

































where a = t
√
3/2, Cρt = (2
√
3−pi)/√2 for a plateau border cross section shape, Vf is fluid
volume, Vt is total volume, and At is the wet surface of unit cell.
Flow resistivity σ is the correlation between the normal flow velocity through the porous
material and the pressure differential across it. The scaling law presented by Lind-
Nordgren et. al [58] for open cells porous materials was modified empirically by Doutres et.










with Cρr = 3pi/8, Cβ = 128η, and η = 1.85× 10−5 (η: the dynamic fluid viscosity).
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The tortuosity α∞ describs the inertial interaction between the solid structure of the
foams and interstitial, non-viscous fluid. The viscous characteristic length Λ is dependent
on the local velocity of the ideal fluid on the pore surface and inside the pore. The
microstructure of partially reticulated PU foam is too complicated to analytically represent
the local velocity field inside the unit cell. Hence, α∞ and Λ are empirically modified by
Doutres et. al [24] to account for the reticulation rate effect. These two micro-macro















A comprehensive correlation between Young’s modulus and microstructure of fully retic-
ulated PU foam was analytically developed by Gong et. al [39] and Jang et. al [46].
The Gong and Jang’s micro-macro mechanical properties model considers the effect of
strut non-uniform thickness, strut cross section shape, accumulated mass at vertices, and
all deformation mechanisms in struts (flexural, torsional, axial, and shear deformation).
Gong and Jang’s model was recently numerically extended by Gholami et. al [36] to add



























































where, ∆E = (ERw − E100), ∆ν = (νRw − ν100), Cs is cell size (m), and E100 and ν100 are
the Young’s modulus and Poisson’s ratio of fully reticulated PU foam obtained using the
following equation [39, 46]:
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where CI = 0.1338, CA =
√
3 − pi/2, and β = 1.24 are geometrical constants for plateau
border cross section shape of the struts. C1 = 0.0168241 and C2 = 0.654375 are dependent
on the distributed material along the strut thickness. They are explained in the Gong and
Jang’s study [39, 46]. It should be mentioned that Equations 4.2- 5.8 are limited to
reticulation rate between 10 ≤ Rw(%) ≤ 100.
4.3 Sensitivity Analysis Method
A global sensitivity analysis method is used to determine the output sensitivity when
the inputs vary over wide ranges. The FAST method is an efficient technique to explore
the n-dimensional space of inputs using a searching curve and to avoid the evaluation
of n-dimensional integrals for the computation of functions fi involved in the decomposi-
tion [88]. FAST is used to estimate the SI(i) (which is the main effect of parameter i), and
to calculate the TSI which measures the total effect of input Xi and is defined as the sum
of all SIs. For example, the total effect of parameter A on the output in a 3-inputs (A,B
and C) model is: TSI(A) = SI(A) + SI(AB) + SI(AC) + SI(ABC), where the SI(AX)
is the second order SI for parameter A and X when A 6= X. For more information the
readers are referred to references [13, 69, 87, 88].
4.4 Description of the studied vibro-acoustic systems
As mentioned before, Biot-Allard’s parameters are inherently dependent on microstructure
properties. In this study, the contribution of microstructure parameters to the macroscopic
Biot-Allard’s parameters is first identified. Then, the effect of micro-structure parame-
ters variability on vibro-acoustic indicators (absorption and transmission loss of double
wall systems) are studied. The absorption and DW-TL systems are laterally infinite and
acoustically excited by a normal plane wave and Diffuse Acoustic Field (DAF) respec-
tively. Thickness of representative PU foam in either absorption or TL system is taken
equal to 2 in. PU foam in absorption problem is backed by a rigid wall (system is shown
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in Figure 4.3 .a). For transmission problem of a double wall system, the representative
foam is sandwiched between a plate and a heavy layer (Figure 4.3). The plate is 1mm
thick and is made of steel and a heavy mass layer (the septum) is added to the foam in
two configurations (i) bonded (see Figure 4.3 .b) and (ii) unbounded by a 5mm air layer,
as shown in Figure 4.3 .c. The vibro-acoustic indicators are calculated using the Transfer
Matrix Method (TMM) [2]. The density and sound speed of fluid medium is assumed
ρ0 = 1.213kg/m
3 and c0 = 342.3m/s, respectively.
(a) (b) (c)
Figure 4.3 Vibro-acoustical configurations of interest: (a) absorption, (b) dou-
ble wall with bounded layer, and (c) double wall with bounded-unbounded layer.
4.5 Variability in PUC properties
The variability in PUC properties of real PU foams is associated with the irregularities
inside PU foams with elongated unit cells (cells are elongated during foaming process in
raise direction) and measurement uncertainties. Here, two virtual materials with isotropic
unit cell are considered. The nominal value of the cell size is 500(µm) [26] and it depicts
10% of variation. It was shown by Doutres et. al [25] that the nominal value of ratio of
strut length to strut thickness l/a is B = 3.7. Therefore, the B is used to identify strut
thickness a and t for non-acoustical and mechanical micro-macro model respectively. The
inferior and superior limits of PUC properties are listed in Table 4.1. V 1 is considered as
highly reticulated foams, and V 2 as poorly reticulated foam.
In Table 4.2, the inferior and superior limits of the Biot-Allard parameters, associated to
PUC properties of Table 4.1, are determined by using mean value and standard deviation
obtained from sensitivity analysis. In addition, 2% uncertainty is considered in plate and
heavy layer thickness (shown as variation in their mass). In the following sections, a global
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Material a(µm) t(µm) l(µm) Rw(%)
V 1 (42.9, 52.5) (49.5, 60.6) (159.1, 194.5) (70, 90)
V 2 (42.9, 52.5) (49.5, 60.6) (159.1, 194.5) (10, 30)
Table 4.1 Inferior and superior limits for microstructure properties.
sensitivity analysis using the FAST method for each vibro-acoustic system is performed
to show how vibro-acoustic indicators are influenced by PUC and correlated macroscopic
parameters.
V1 V2
Parameters Inferior limit Superior limit Inferior limit Superior limit
Porosity φ(−) 0.98 0.99 0.98 0.99
Flow resistivity σ(N.s.m−4) 3,696 6,488 14,500 38,697
Tortuosity α∞(−) 1.11 1.17 1.7 2.2
Viscous characteristic length Λ(m) 1.2661e-4 1.7200e-4 2.7164e-5 4.4699e-5
Thermal characteristic length Λ′(m) 2.3590e-4 3.0102e-4 1.5315e-4 1.7823e-4
Young’s modulus Epu(kPa) 115 164 337 413
Poisson ratio νpu(−) 0.39 0.41 0.29 0.32
Damping ηpu(−) 0.09 0.15 0.09 0.15
Density of plate Mp(kg−3) 7644 7956 7644 7956
Density of heavy layer Ml(kgm−2) 4.9 5.1 4.9 5.1
Table 4.2 Inferior and superior limits of PUC properties and vibro-acoustic
systems.
4.6 Results
4.6.1 Impact of PUC variability on Biot-Allard parameters
The impact of microstructure variability on both mechanical and non-acoustical param-
eters are studied in this section. The FAST method and Equations 5.2-5.8 are used to
identify the contribution of microstructure properties in the Biot-Allard parameters. Fig-
ures 4.4 shows how seven Biot-Allard’s parameters of V 1 and V 2 are influenced by 10%
variation in PUC properties. The NSD in the histograms is defined as the height of vertical
bars that quantifies how variation in inputs affects the output. Comparing Figure 4.4 (a)
and Figure 4.4 (b) reveals that the variability of Biot-Allard parameters is less than 30%
for V 1 (Rw = 80%) while their maximum variability for the partially reticulated foam V 2
is 47%. In addition, porosity of such a highly porous PU foams (V 1 and V 2) is almost
insensitive to the 10% variation in PUC properties. Furthermore, variability of σ, α, Λ and
ν are increased while global sensitivity of E and Λ′ are decreased when a higher amount
of windows are closed.
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In highly reticulated foam V 1, strut length controls the flow resistivity (by changing cell
size) and thermal length. The reticulation rate and strut length have equal impact on
Λ while reticulation rate impact on Young’s modulus is a little higher than strut length
for such a cell size [36]. It should be mentioned that the PUC properties equally affect
the Poisson’s ratio in V 1. As nominal reticulation rate value reduces to 20% in V 2, the
impact of reticulation rate on σ, α, ν, and Λ increases while it has almost the same
effect on mechanical properties of the foam. Furthermore, tortuosity depends only on
reticulation rate. And, strut length and reticulation rate are the key parameters for the
Young’s modulus for both foams while strut length and thickness have more effects on
Poisson’s ratio of V 1 and reticulation rate is the dominant parameter in Poisson’s ratio
of V 2. However, the Young’s modulus and thermal length variation reduces. This means
that presence of 20% closed pore content significantly changes the local particle velocity
field. The impact of microstructure properties on JCA parameters confirm the results of
Doutres et al. [26].
(a) (b)
Figure 4.4 The global sensitivity (SI×NSD) of macroscopic Biot-Allard’s pa-
rameters of two virtual foams (a) V 1 and (b) V 2.
4.6.2 Impact of PUC variability on absorption coefficient
In this Section, contribution of PUC properties (listed in Table 4.1) and the associated
macroscopic Biot-Allard’s parameters (listed in Table 4.2)on sound absorption coefficient
of V 1 and V 2 (as shown in Figure 4.3 a) are investigated. It should be mentioned that
in following figures, the thick solid line shows the mean value of vibro-acoustic indica-
tors (sound absorption or TL), the light gray area shows a range between minimum and
maximum values of output, and the dark area presents the indicator mean value plus and
minus its standard deviation. As mentioned before, the impact of PUC properties on
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sound absorption when foam is modeled as rigid fluid was studied by Doutres et al. [26].
Here, the effect of microstructure properties when mechanical properties control the sound
absorption (at frame resonance of poroelastic layer) is investigated.
Absorption-V1
The PUC properties impact on the absorption curve, as it is shown in Figure 4.5 a,
confirms that, in V 1, the strut length effect on sound absorption, except at frame-born
resonance (fs ≈ 600Hz) and when half-acoustic wavelength is equal to the foam thickness,
is higher than the other parameters over the frequency range. It is also shown that
the reticulation rate contribution on the indicator increases at high frequencies (for f ≥
3500Hz). The impact of PUC parameters are almost equal at frame resonance frequency
of highly reticulated foam V 1 where mechanical properties of the foam are dominant
parameters (see Figure 4.5 b). Microstructure effect on the output can be explained
better by looking into correlated macroscopic properties impact on it. The Biot-Allard
parameters influence on sound absorption is shown in Figure 4.5 b. For V 1, the thermal
characteristic length and flow resistivity are the important parameters at low frequency
while mechanical properties (Epu, νpu, and ρpu) are the dominant parameters at frame
resonance (fs ≈ 600Hz). Then, viscous length takes the lead at absorption peaks. Since
the NSD of tortuosity and Poisson’s ratio of V 1, as shown in Figure 4.4 a, are less than
2%, it can be seen that their impacts on absorption of V 1 are negligible.
Absorption-V2
For partially reticulated foam V 2, the reticulation rate is the key parameter, except at
frame resonances (fs ≈ 800 and fs ≈ 2500Hz), over the whole frequency (see Figure 4.6 a).
However, the impact of strut length and strut on the sound absorption coefficient is small in
the whole frequency range except at frame resonance where mechanical properties control
the absorption of the foam as shown in Figure 4.6 b. This can be explained by considering
the impact of strut properties on density of the foam and mechanical properties. In
addition, the flow resistivity controls the absorption at low frequency (f ≤ 250Hz). Then,
viscous length and tortuosity are dominant parameters. Furthermore, reticulation rate
impact increases, before the first frame resonance, and therefore flow resistivity takes the
lead. Tortuosity and viscous length play an important role at frequency ranges between
frame resonances where reticulation rate Rw is dominant (see Figure 4.6).
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4.6.3 Impact of PUC variability on DW-TL for bounded layer
In this section, the role of PUC properties on a double wall transmission loss when a
poroelastic layer (virtual foams V 1 and V 2) is sandwiched between the steel plate and a
heavy layer as shown in Figure 4.3 b.
DW-TL-bounded-V1
The sound absorbing materials are added into the acoustic cavity of a double-wall system
to suppress acoustic resonances of the cavity and to decouple the downstream layer from
the vibration field induced in the upstream wall (leaf). However, vibration is transmitted
through structure of poroelastic materials (such as V 1 and V 2) as well as through the air
at low frequencies. The impact of variation in PUC properties of the highly reticulated
foam V 1 is shown in Figure 4.7 a. At low frequencies, such that kd  1 where k is the
acoustic wavenumber in air and d is the cavity thickness, below mass-air-mass resonance
(≈ 300Hz), transmission is controlled by total mass of the system. Therefore, variation
in microstructure properties of such highly porous materials has negligible effect on TL.
This is confirmed in Figure 4.7 b where variation in mass of plate and heavy layer affect
the TL at low frequencies. The impact of microstructure properties on TL increases at
double wall resonance where TL is controlled by macroscopic mechanical properties. It
should be mentioned that the structural damping ηpu of the foam controls the double wall
resonance. After this frequency and before cavity resonance, frame resonance happens
(≈ 1800Hz) where mechanical properties of the foam are dominant parameters. Since
the poroelastic layer is bounded in to both leafs, the mechanical properties of the foam,
which play the role of a spring in the equivalent mass-spring-mass system of the double
wall, have maximum effect on the TL problem at all frequencies. It is worth mention
that, at frame-born resonance frequencies, the impact of foam density increases before the
frequency. Then, structural damping controls the system. And finally, stiffness parameter
is the dominant parameter the as shown in Figure 4.7 a, the TL curve is equally influenced
by the strut length and thickness and more affected by the reticulation rate over considered
frequency range. The contribution of microstructure properties to the TL curve confirms
the results shown in Figure 4.4 a. As shown in Figure 4.7 b, the non-acoustical properties
of V 1 have barely no influence on TL.
DW-TL-bounded-V2
Comparing Figure 4.7 a and Figure 4.8 a confirms that the total impact of variation in
microstructure properties on the TL at double wall resonance decreases when large por-
tion of windows are closed (Rw = 20%). However, it increases at higher frequencies where
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acoustic cavity resonance happens (f ≥ 3500Hz). In former case, as explained in Fig-
ures 4.4 b, mechanical properties variation reduces while the reticulation rate contribution
at high frequencies increases. In addition, strut properties and reticulation rate effect on
TL increases before and after frame born resonance respectively (see Figure 4.8 a). This
is explained as the foam density effect is important below resonance while stiffness of the
foam is the dominant parameter after the resonance frequency. In addition, viscous length
and tortuosity, because of inertial effect, play more important role when acoustic cavity
happens. This can explain the jump in reticulation rate impact on output variation in
Figure 4.8 a. The min-max (light gray area) and standard deviation (dark gray area)
confirm that variability and uncertainty in microstructure properties results noticeable
variation in TL at double-wall, frame resonances, and acoustic cavity resonances for both
V 1 and V 2. However, since V 2 is stiffer than V 1, the averaged TL (thick solid line) does
not show the second frame resonance (the third dip in Figure 4.7).
4.6.4 Impact of PUC variability on TL for bounded-unbounded
layer
In this section, the role of PUC microstructure properties on double wall transmission
loss when the heavy layer is detached from the virtual foams V 1 and V 2 (Figure 4.3 c) is
investigated.
DW-TL-bounded-unbounded-V1
When the foam is decoupled from the heavy layer, the effect of its mechanical properties
reduces. In the case of using highly reticulated foam V 1, as shown in Figure 4.9 a, the
strut length is the key parameter almost over the frequency range. The strut’s length is
dominant except at the frame-borne resonance frequency where it has almost the same
impact as strut’s thickness and reticulation rate. In addition, when the heavy layer is
attached to the foam the global sensitivity of the system is reduced.
The jump in strut length effect at double-wall resonance can be explained as the con-
tribution of strut length in thermal dissipation as energy dissipation mechanism at this
frequency (see Figure 4.9 b). This can be explained as the ratio of unit cell volume to
wet surface (thermal length definition) is more affected by variation in strut length than
reticulation rate. Increase in strut length effect at higher frequencies is correlated to the
flow resistivity impact at these frequencies.
DW-TL-bounded-unbounded-V2
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It was shown that variation in close pore content doesn’t affect the porosity of considered
PU foams [24]. Therefore, in the case of poorly reticulated foam V 2, as shown in Fig-
ure 4.10 a reticulation rate is the most effective parameter at double-wall frequency. The
reticulation rate keeps its higher rank except at the frame-borne resonance frequency. As
mentioned before, macroscopic parameters of V 2 are more affected than V 1 with the same
variation (10%) in microstructure properties. Hence, using V 2 inside the cavity results in
more variation on TL especially at higher frequencies (see Figure 4.4). Flow resistivity,
viscous length, and tortuosity are important before and after the frame born resonance.
This explaines why reticulation rate is dominant parameter over the same frequencies.
4.7 Conclusion
This study investigates the impact of microstructure properties of highly porous PU foams
on their Biot-Allard parameters, sound absorption, and the transmission loss problem. In
addition, it shows how variability associated with irregularities of the foam affects results
obtained from micro-structural based models that are based on isotropic, tetrakaidecahe-
dral unit cells. Two virtual foams are considered. The first, is a highly reticulated foam and
the second contains high content of closed pores. A global sensitivity (the FAST) method
together with an in-house developed micro-macro models are used. Results concerning the
Biot-Allard parameters show that variability (the height of vertical bars) of flow resistiv-
ity, tortuosity, viscous, and Poisson’s ratio increases while variability of Young’s modulus
and thermal characteristic length are reduced when high portion of windows are closed
(Rw = 20%). Furthermore, reticulation rate is slightly more effective than strut length on
Young’s modulus when Rw = 70% while they have equal effect on the Young’s modulus
for Rw = 20%. As expected, mechanical properties of poroelastic material are dominant
at frame resonances and double wall resonance. Results show that when reticulation rate
is high (Rw = 70%), strut length mainly controls the sound absorption and TL when
the heavy mass is decoupled from the poroelastic layer. However, its role reduces when
frame resonance happens for the absorption problem or double wall resonance happens
when foam is coupled to the heavy layer. These statement confirms what found in pre-
vious study [26] that precisely characterization of strut length when reticulation rate is
high results in more accurate prediction of the system behavior. In addition, results show
that reticulation rate controls the behavior of the system when a high portion of pores
are closed. This can be contributed to the controlling of non-acoustical parameters in
either an absorption or a double wall system with decoupled heavy layer form the foam.
Furthermore, variability in reticulation rate, when reticulation rate is low, results in more
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variation in max-min envelope of TL (9 dB). Therefore, controlling the reticulation rate
results in enhancement of vibro-acoustic indicators.
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Figure 4.5 Sensitivity Analysis of microstructure based models for the virtual
foam V 1. (a) impact of microstructure properties on sound absorption, (b)
impact of correlated macroscopic Biot-Allard’s parameters on sound absorption
where thick solid line is the mean value, dark gray is standard deviation, and
light gray area shows the min-max of output.
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Figure 4.6 Sensitivity Analysis of microstructure based models for the virtual
foam V 2. (a) impact of microstructure properties on sound absorption, (b)




Figure 4.7 Sensitivity Analysis of microstructure based models for the virtual
foam V 1. (a) impact of microstructure properties on DW-TL, (b) impact of
correlated macroscopic Biot-Allard’s parameters on DW-TL.
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Figure 4.8 Sensitivity Analysis of microstructure based models for the virtual
foam V 2. (a) impact of microstructure properties on DW-TL, (b) impact of




Figure 4.9 Sensitivity Analysis of microstructure based models for the virtual
foam V 1. (a) impact of microstructure properties on DW-TL, (b) impact of
correlated macroscopic Biot-Allard’s parameters on DW-TL.
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Figure 4.10 Sensitivity Analysis of microstructure based models for the virtual
foam V 2. (a) impact of microstructure properties on DW-TL, (b) impact of
correlated macroscopic Biot-Allard’s parameters on DW-TL.
CHAPTER 5
ENHANCEMENT OF ACOUSTIC PERFOR-
MANCE OF POLYURETHANE FOAM US-
ING MICRO-STRUCTURAL BASEDMODEL
In this chapter, micro-macro correlations presented in Chapter 3 and results obtained from
sensitivity analysis presented in Chapter 4 are used to identify new microstructure prop-
erties of polyurethane foam, thereby the poroelastic layer shows better vibro-acoustical
performance.
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Abstract
Polyurethane (PU) foams are widely used in vehicles as vibro-acoustic energy dissipa-
tive materials. Propagation of acoustic waves in such a homogenous poroelastic layer
can be described by the Biot’s model that consists of 9-parameters representing foam
properties. These macroscopic parameters, known as the Biot-Allard’s parameters, are
inherently dependent on the internal microstructure properties of the foam. Recently, re-
lations that correlate the microstructure properties of highly porous polyurethane foams
to their macroscopic properties have been developed by Doutres et al. [24, 25] and Gho-
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lami et al. [36]. Furthermore, contribution of microstructure properties to the macro-
scopic vibro-acoustic indicators was studied by Gholami et al. [35]. In this paper, these
micro-structures based models together with sensitivity analysis results are used to ex-
plore the porous polyurethane foam with enhanced vibro-acoustical performance. The
macroscopic properties of the dissipative layer are assumed to be either homogenous or
non-homogenous, functionally graded along the thickness.
5.1 Introduction
A competitive market and ecological concerns have placed a drastic demand on automo-
tive and aerospace vehicle manufactures to design cost-effective and eco-friendly vehicles.
Thus, reducing the structural weight has been considered to address both expense reduc-
tion and environmental protection. However, such a light weight design solutions could
jeopardize the noise and vibration comfort of vehicles since an increase in acoustic pres-
sure level inside the cabin of the aircraft or car is expected. A high level acoustic pressure
in the cabin cannot only results in a higher speech interference level but also causes lis-
tening fatigue and affects driving safety by losing sensitivity. Therefore, enhancement of
overall acoustic pressure level inside the vehicle has been one of the main objectives of
vehicle manufacturers. Limitations in integration of active solutions into the noise insula-
tion enhancement of lightweight structures (e.g. detecting noise, processing data, actuator
performance, and a source of energy for all these steps) make it practically difficult. There-
fore, passively improving the vibro-acoustical performance of highly dissipative poroelastic
materials (such as cellular, polymeric foams) at the early stage of design of lightweight
structures is desired. Improving the performance of porous absorbers over a wide fre-
quency band is a challenging task. Based on the application, several passive methods have
been presented for either absorption and/or insulation problems. Some of these methods
are categorized as (i) multilayer acoustic trim that is used widely in automotive, building,
and industrial applications (a comprehensive review is available in Ref.[2]), (ii) optimizing
the surface shape of the material [9, 51, 52], (iii) designing new micro-structure properties
of homogenous layers [30, 58, 61], and (iv) using functionally graded materials [23, 44, 98].
Using a multilayer instead of a homogenous layer is a well-known method in either ab-
sorption or transmission loss problems. For example, it was shown by Ingard [44] and
Tanneau et al. [98] that acoustic multilayer result in a better absorption coefficient when
the flow resistivity of layers decreases by increasing the distance from the rigid wall. Im-
proving absorption by placing layers with lower flow resistivity is explained as reduction in
impedance mismatch between fluid impedance and surface impedance of the foam layer.
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The next method is to change the surface shape of the foams. The impact of the surface
shape of porous foams, especially wedge shaped foams, on the absorption and transmission
loss were studied in many studies (for example see Ref. [9, 51, 52]). Their results show
that the transmission loss of the wedge is significantly higher than a plane foam layer of
the same volume in some frequencies. The similar improvement in transmission loss is
achieved by varying the pore tortuosity across the width of a plane foam layer. Another
method is to improve macroscopic behavior of the foam by modifying their microstruc-
ture properties [30, 58, 61]. In a study performed by Lind-Nordgren and Göransson [58],
the microscopic parameters of the Gibson’s model [38], where an isotropic open-cell foam
is modeled as cubic array, are considered as variables in an optimizer. The results con-
firm that the acoustic behavior of the foam can be enhanced, while the foam weight was
reduced.
In more innovative materials, the Biot parameters are dependent on the position inside
the foam, namely functionally graded materials (FGM). It was shown that using FGM
materials in the absorption problem not only reduces the impedance mismatch between
the upstream layer and adjacent fluid but also, in comparison with a multilayer, reduces
the reflection associated with differences between the characteristic impedance of sub-
layers [20, 23]. In early FGM related studies, the reflection coefficient of a plane wave
incident on a marine sediment, where the density is assumed to vary with depth, was
calculated [79–82]. Recently, characterization of FGM foams has been considered where
the profile of the spatially varying parameters in macroscopically inhomogeneous, porous
materials are reconstructed [20–22, 32, 41, 42]. The impact of the reticulation rate gradi-
ent with thickness on the absorption coefficient was studied by Doutres and Atalla [23].
They showed that the absorption coefficient improves, in comparison with the optimal
homogenous foam, by increasing the air flow resistivity with the thickness of the foam.
However, their study was limited to a one-design parameter optimization (open pore con-
tent of the foam called reticulation rate Rw and it is defined by Doutres et al. [24] as the
ratio of the area of the open windows to the area of all windows which are placed on the
same plane) and the dissipative layer was modeled using the rigid fluid model following
the Johnson-Champoux-Allard (JCA) model [2].
Transfer matrix method (TMM) [2] and statistical energy analysis (SEA) [60] are widely
used as a design tool for many commercial vehicles. In this study, TMM method is used
to identify the optimum PU foam and its correlated microstructure properties. Then, the
identified optimum foams will be used in a simple SEA application using VA One software.
Before that, a micro-macro model allowing to link highly porous PU foams microstructure
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to its mechanical properties (Biot-Allard parameters) is needed to explore various ways
to enhance the foam acoustic performance. Therefore, first, design parameters and micro-
macro model are represented in Section 5.2. Next, in Section 5.3, PU foams with optimum
vibro-acoustic indicators are identified using the TMM. Then, to study another vibro-
acoustic indicator (noise reduction coefficient) the identified optimum foams will be used
in a simple SEA example representing a car. It should be mentioned that the density and
speed of sound of fluid medium are ρ0 = 1.213kg/m3 and c0 = 342.3m/s, respectively.
5.2 Design parameters and micro-macro model
5.2.1 Microstructures and their range of variability
The micro-structural based model developed by Doutres et al. [24, 25] and Gholami et al.
[36] will be used to enhance the vibro-acoustical performance of PU foams. First, the
design parameters of the model (microstructure properties of an isotropic Kelvin cell [100])
that consists of strut thickness t, strut length l, and reticulation rate Rw are shown in
Figure 5.1. It is worth mentioning that in an isotropic Kelvin cell, cell size and strut




Figure 5.1 Partially reticulated Kelvin Cell and strut length and thickness.
In this study, reticulation rate, cell size, and ratio of strut length to its thickness are con-
sidered as design parameters (the membrane thickness in [37] is set to 2.1. The Biot-Allard
properties of the poroelastic layer are assumed to be either homogenous (Figure 5.2 a) or
vary along the foam thickness (Figure 5.2 b & c). Since macroscopic properties in FGM
foams depend on the position along a specific direction (thickness here), it is assumed, for
modeling purposes, that these materials are virtually stratified to thin enough homogenous
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layers (6-10 unit cells along the thickness of each layer). In FGM foams, the reticulation
rate along the foam layer thickness, as shown in Figure 5.2 b & c, varies as a function of
position by using a n-power law while cell size and ratio of strut length to its thickness
are assumed to change globally (they are similar in sublayers while every foam sample
possess different properties). Reticulation rate along the thickness of the FGM foams is










where Riw is the reticulation rate of the sublayer i ∈ (1−N), R1w and RNw are reticulation
rate of the first and the last layer respectively, xi is the coordinate of the center of the
sub-layers, H thickness of the poroelastic layer, h = H/N is the thickness of sublayer, and
0.05 ≤ n ≤ 4 the order of variation of the reticulation rate inside the FGM. Here, it is
assumed that the poroelastic layer is laminated by N = 7 sub-layers and the reticulation
rate of FGM foam (i) decreases and (ii) increases from the first-layer (the layer that the
acoustic wave is impinging on namely upstream layer) to the last-layer (that is backed by
the rigid wall and it is called down-stream layer). The former configuration, where Rw
is reduced from 100 to 10 %, is called Power-b while the latter one (Rw is increased in





Figure 5.2 Macroscopic properties of PU layer along the thickness are (a) ho-
mogenous, (b) FGM while reticulation rate reduces along the thickness, and (c)
FGM when reticulation increases along the thickness.
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The inferior and superior limits of design parameters, that have been identified using SEM
photos [36], are listed in Table 5.1. It should be mentioned that the strut thickness in
non-acoustical micro-macro correlations is the height of the plateau-border cross section
that is a = t
√
3/2.
Design parameter Inferior limit Superior limit
Reticulation rate (%) 10 100
Cell size(µm) 500 1200
Ratio of l/t(-) 2.6 3.8
Ratio of l/a(-) 3.1 4.3
Table 5.1 Range of variation of microstructure properties
5.2.2 Micro-structural based model
Relations that correlate the microstructure properties of highly porous PU foams to the
Biot-Allard parameters are recalled here. The Biot-Allard model used to describe propa-
gation of acoustic wave in homogenous, isotropic poroelastic layer uses five non-acoustic
parameters (porosity φ, thermal characteristic length Λ′, viscous characteristic length Λ,
flow resistivity σ, and tortuosity α∞) which are used in the JCA semi-phenomenological
model [2, 8, 49], and mechanical parameters ( bulk density ρ, Young’s modulus E, loss
factor η, and Poisson’s ratio ν). The JCA parameters, as a function of microstructure of
PU foams, are given by [24, 25]:
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where Cρt = (2
√
3 − pi)/√2 and Cρr = 3pi/8, Cβ = 128η, and η = 1.85 × 10−5 (η: the



























































where, ∆E = (ERw − E100), ∆ν = (νRw − ν100), Cs is cell size (m), and E100 and ν100




































where Es is the Young’s modulus of constituent material, CI = 0.1338, CA =
√
(3)−pi/2,
and β = 1.24 are geometrical constants for plateau border cross section shape of the
struts. C1 = 0.0168241 and C2 = 0.654375 are dependent on the distributed material
along the strut thickness. It should be mentioned that Equations 5.2-5.8 are valid for
10 ≤ Rw (%) ≤ 100.
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5.3 Results
5.3.1 Absorption problem
Enhancement of the absorption coefficient (α) of highly porous, flexible PU foam by using
micro-macro correlations is considered in this section. As shown in Figure 5.3, a 2 in foam
is backed by a rigid wall and acoustically excited by a diffuse acoustic field (DAF). A scalar
acoustic indicator, the noise reduction coefficient (NRC), is used to compare the sound
dissipation performance of designed foams. NRC is defined as the arithmetic average of
sound absorption coefficients in either octave band frequencies (for example, an average of
absorption coefficient at 250, 500, 1000, and 2000Hz was used in Ref. [92]) or the output
was averaged over one-third octave band starting from 125 to 4000Hz (used in Ref. [23]).
The latter method is used in this section. The vibro-acoustic indicator is calculated using
the TMM [2]. The density and speed of sound of fluid medium are ρ0 = 1.213kg/m3 and
c0 = 342.3m/s, respectively.
Figure 5.3 Vibro acoustical system used to identify optimized PU foam when
the poroelastic layer is placed on rigid wall (absorption problem).
First, microstructure properties of a homogenous layer are modified to achieve highest
NRC for a PU foam. Then, by changing the reticulation rate, the Biot-Allard’s properties
of the foam is assumed to vary gradually along its thickness. As mentioned before, the same
method was used by Doutres and Atalla [23] to improve sound absorption performance of
PU foam. However, in this study, not only reticulation rate is varied but also cell size and
ratio of strut length to its thickness are considered as design parameters. In addition, full
Biot-Allard model is used to explain propagation of acoustic waves in the poroelastic layer.
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The optimum absorption curve is depicted in Figure 5.5 and the correlated microstructure
properties of the optimum homogenous foam are listed in Table 5.2. Results show that cell
size and ratio of strut length to its thickness of an optimum homogenous layer are close
to the superior limit of their design space (Table 5.1) while reticulation rate is equal to its
inferior limit (Rw = 10 %). These microstructure properties results in a highly porous PU
foam (φ = 98.8 %) with high tortuosity (α∞ = 2.5), low flow resistivity that is because
of large cell size (σ = 7341N.s.m−4), characteristic lengths(Λ = 4.7134 × 10−6(m) and
Λ′ = 3.4647× 10−6(m)) and mechanical properties (E = 233kPa and ν = 0.33).
To better explain the microstructure impacts on the absorption, two snapshot of the
optimization process, for homogenous layer, are shown in Figure 5.4. The first line (Fig-
ure 5.4 a) shows how reticulation rate affects the absorption of the foam over a frequency
range when cell size and l/t are fixed (Cs = 600). It depicts that for frequencies less than
1000Hz, before frame resonance, a higher absorption can be achieved when reticulation
rate is less than 50 %. Two examples, when reticulation rates are 90 % and 30 %, are
shown in the right column of Figure 5.4 a. Next, reticulation rate is fixed (Rw = 80 %)
and strut length to thickness ratio are relaxed. As shown in Figure 5.4 b, minimum ratio
of strut length to its thickness results in better absorption. This can be explained as PU
foams with a smaller l/t, in absence of membrane closing the windows, show higher flow
resistivity. Examples at the right-column show that lower l/t, when windows are poorly
reticulated, results in higher flow resistivity (smaller cell size or larger t that results in
higher flow resistivity).
For the non-homogenous PU foams, it is assumed that cell size and strut geometrical prop-
erties of all sublayers vary at the same time and flow resistivity of the foam, as a function
of its reticulation rate, depends on the distance from back wall (see Figure 5.2 b & c).
First, we consider the configuration wherein the reticulation rate reduces from 100 to
10 (%) (range of variability of micro-macro model [25]) along the foam thickness (power
law-b shown in Figure 5.2 b). Microstructure properties of the optimum FGM foam are
listed in the second line of Table 5.2. In addition, the correlated reticulation rate and
absorption curve are shown in Figure 5.5. Results show that distribution of reticulation
rate based on power law-b when n = 0.2, enhances absorption at and above the frame
resonance (fs ≈ 800Hz). This configuration shows however a decrease in absorption curve
at low frequencies. Next, for configuration of power law-c (Figure 5.2 c), the absorption is
improved at low frequencies (f ≤ 400Hz) when first layers have minimum reticulation rate
(maximum flow resistivity) and reticulation rate increases for the last 3-layers. Improving
74
CHAPTER 5. ENHANCEMENT OF ACOUSTIC PERFORMANCE OF
POLYURETHANE FOAM USING MICRO-STRUCTURAL BASED MODEL
(a)
(b)
Figure 5.4 Absorption coefficient of 2in homogenous PU foam when (a) left
column: Rw ∈ [10 − 100](%) and l/t = 2.8, and right column: two absorption
curves when Rw = 90 and Rw = 30, (b) left column: when fixed (Rw = 80 %)
and l/t ∈ [0.26− 0.42], and right column: two absorption curves when l/t = 3.8
and l/t = 2.8.
sound absorption at low frequencies can be explained by the fact that particle velocity
increases by reducing stiffness at downstream layer.
5.3.2 Insertion loss problem
In this section, the poroelastic layer is sandwiched between a 1mm steel plate and the heavy
layer (the septum). The foam is bonded into the steel plate and it is either (i) attached to
the heavy layer (Figure 5.6 a), or (ii) is decoupled from the heavy layer by a 5mm air-gap
(Figure 5.6 b). The system is acoustically excited by a DAF and terminated by an acoustic
cavity. In what follows, appropriate microstructure properties are identified for the PU
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foam that results in optimum insertion loss (IL). The IL is defined as the difference between
transmission loss (TL) of trimmed and bare skin panels (IL = TLtrimmed − TLbare).
Heavy layer bonded to PU foam
Poroelastic layer in a double wall (DWL) system (Figure 5.6 a) is considered as either
homogenous (Figure 5.2 a) or functionally graded (Figure 5.2 b & c). To identify the
optimum PU foam and its correlated microstructure properties, arithmetic averages of
insertion loss at one-third octave bands at low frequency range (100 − 250Hz) and over
a wide frequency range (250− 10000Hz) are calculated. At low frequency range, cell size
and ratio of strut length to its thickness of optimum foams are at their superior limit. In
addition, reticulation rate of homogenous layer is equal to 100%. These results confirm that
foams with minimum stiffness are desired to improve the IL at low frequencies where DW
resonance happens. For wide frequency range, distribution of reticulation rate along the
thickness of the foam is shown in Figure 5.7 and the correlated microstructure properties
to the identified optimum configurations are listed in Table 5.3. Results show that the
optimum homogenous foam is fully reticulated foam (Rw = 100 %) and it has maximum
ratio of strut length to thickness (l/t = 3.6) and maximum cell size in the defined range
(cs = 1100µm). In other words, it means that the foam has minimum stiffness to reduce
the coupling between the two leafs.
Using gradually graded layer, in comparison with the optimum homogenous layer, results
in an increase (6dB) in insertion loss at frame resonance of homogenous layer (≈ 1000Hz)
while homogenous layer shows higher IL for frequencies 1000 ≤ f ≤ 2000Hz where frame
resonances of sublayers in FGM are placed. In addition, filling up the acoustic cavity by
any FGMs results in 13 and 7dB increase in the IL when the first and the second acoustic
cavity resonances occur (3400 and 7000Hz), respectively. Since mechanical properties in
such a system are the key parameters over large frequency range [35] and also cell size
and strut properties of both FGMs are equal (Table 5.3), the two power-laws lead to the
similar results.
Material type l/t Cs(µm) Rw(%) n NRC
Homogenous 3.8 1100 10 - 0.69
power-law b 2.6 500 - 0.20 0.70
power-law c 2.6 500 - 4.00 0.71
Table 5.2 Micro-structural properties of the optimum PU foams in absorption
problem and the correlated NRC.
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Material type l/t Csµm Rw(%) n Average IL
Homogenous 3.8 1100 100 - 26.90
power-law b 3.8 1100 - 0.40 40.89
power-law c 3.8 1100 - 2.00 27.15
Table 5.3 Micro-structural properties of the optimum PU foams and the cor-
related average of IL in a DWL problem when the heavy layer is attached to the
foam.
To show the impact of microstructure parameters on the IL a contour format is given when
microstructure properties (reticulation rate and ratio of l/t) vary over the design space
and cell size is fixed to the 500µm (see Figure 5.8). As shown in Figure 5.8 a, insertion
loss is mainly responding to the reticulation variation at higher frequencies (when foam
thickness is equal to a multiplication of acoustic wavelength). The same story happens
when the average reticulation rate is fixed at Rw = 80 %, and l/t varies over a wide range
(see Figure 5.8 b).
5.3.3 Heavy layer decoupled from PU foam
In this section, the heavy layer is separated from the poroelastic layer using an air-gap
(Figure 5.6 b). As mentioned so far, the reticulation rate, cell size and ratio of l/t are
considered as the design parameters in the optimization process. Reticulation distribution
for the optimum foam over a wide frequency range is shown in Figure 5.9 a and correlated
insertion loss is depicted in Figure 5.9 b. The averaged IL and microstructure properties
of optimum foams are listed in Table 5.4. Results show that cell size and l/t are equal to
their superior limits while reticulation rate is 45 %. This increase in close pore content of
the foam results in better absorption at acoustic cavity resonances.
As shown in Figure 5.9, using functionally graded materials that are based on either power-
law b or power-law c in acoustic cavity of a double wall system when foam is detached from
the heavy layer have different impact on the output. Results reveals that using power-law
c improves the IL at low frequencies (as long as cavity thickness is larger than half acoustic
wavelength or f ≤ 2200Hz). However, energy at cavity resonances are suppressed when
microstructure properties of the FGM are based on power-law b.
Two contour plots, that are shown in Figure 5.10, of IL show how variation in either
reticulation rate or ratio of strut length to its thickness affects the IL of the foam. It
should be mentioned that l/t = 3.0 in Figure 5.10 a while Rw = 80 % in Figure 5.10 b.
As shown here, insertion loss, except at double wall resonance frequency, is commonly
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Material type l/t Csµm Rw(%) n Average IL
Homogenous 3.8 1100 45 - 33.24
power-law b 2.7 500 - 2.85 36.23
power-law c 2.6 500 - 0.05 35.81
Table 5.4 Micro-structural properties of the optimum PU foams and the cor-
related average of IL in a DWL problem when the heavy layer is detached from
the foam by an air-gap.
independent from the reticulation rate up to 5500 Hz while it is hardly dependent on the
strut properties over all frequency ranges.
5.3.4 Application
Finally, the optimum foams that have been designed so far, are tested using a simplified
example of a vehicle that is used in Ref. [1]. As shown in Figure 5.11 a, a car is simplified
by two rigid acoustic cavities that are coupled together thorough a 1mm steel plate. A
monopole is considered in the source cavity and energy inside the cabin (receiving cavity)
is calculated using the SEA method. The equivalent SEA system is shown in Figure 5.11 b.
In addition, properties of sub-systems are listed in Table 5.5.
Since SEA method is valid when enough number of modes are available at each frequency
band, the floor of the receiving cavity is covered with optimum PU foam that was identified
for high frequencies in the absorption problem. Therefore, the FGM foam with power-law
b (when the flow resistivity increases along the thickness of the foam), that was identified
as the optimum foam at higher frequencies in absorption problem, is selected as absorbent
material. Then, the vibrating structure is covered by optimum designed foams obtained
Sub-system 1 (source cavity)
Volume (m3) 1.632
Damping loss factor(η1) 0.01
Sub-system 2 (Plate)
Thickness (m) 0.001
Young’s modulus (E) 2e11
Poisson’s ratio (ν) 0.32
density (ρ(kg/m3)) 7841
Damping loss factor (η2) 0.01
Sub-system 3 (Cabin)
Volume (m3) 6.1914
Damping loss factor(η3) 0.01
Table 5.5 Properties of SEA sub systems
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in the DWL systems. The noise reduction of the system is calculated using the following
equation:
NR = 10 log
E1
E3
− 10 log V1
V3
(5.11)
Figure 5.12 shows the NR when the foam is bonded to the heavy layer. The functionally
graded foam when reticulation rate is distributed along its thickness by following power-
law b profile results in better NR at high frequencies. This confirms what obtained in
Section 5.3.1. Results show that filling up the acoustic cavity in considered double wall
system by the FGM foam presented in the second line of Table 5.3, results in higher NR
at receiving cavity.
Next, the heavy layer is decoupled form the foam inside the double wall acoustic cavity.
As shown in Figure 5.13, when heavy layer is detached from the foam, the FGM power-law
b shows better performance at acoustic cavity resonances.
5.4 Conclusion
In this study, vibro-acoustic performance of PU highly porous PU foams was improved
by modifying their microstructure properties (reticulation rate, cell size, ratio of strut
length to its thickness) using a micro-macro model. First, optimum homogenous poroe-
lastic layers used in either an absorption problem or DWL transmission loss problem were
identified. Then, macroscopic Biot-Allard parameters of the foams were assumed to be
non-homogenous along the thickness. The poroelastic layer was stratified to sub-layers and
Biot-Allard properties of every sublayers were identified using the micro-macro model. It
is assumed that the reticulation rate of the sublayer along the thickness can be the same
(homogenous foam) and they gradually variate along the thickness using the power-law
equation. In addition, cell size and strut geometry vary globally. The optimum configu-
rations over different frequency ranges were found for all of the above assumptions using
TMM. Then, the optimum PU foams (identified for a wide frequency range) were imple-
mented in a SEA system. Results show that using FGM materials as absorbent materials
improves absorption. Ina addition, in DWL systems, IL of FGMs with different profiles
are almost similar while in bonded-unbonded DWL system, considerable improvement
in dissipation of acoustic energy is seen at high frequencies using FGM with descending
reticulation rate along its thickness.
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(a)
(b)
Figure 5.5 Optimum absorption for three configurations of foams acoustically
excited by DAF: (a) reticulation rate in sub-layers along the thickness of the










Figure 5.6 Vibro acoustical system used to identify optimized PU foam when
the poroelastic layer is sandwiched between the vibrating steel plate and (b)
followed by the septum, and (c) an air-gap separates the poroelastic layer from
the septum.
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(a)
(b)
Figure 5.7 Optimization of PU foams over a wide range of frequencies when
macroscopic properties along the thickness are homogenous or non-homogenous
(a) Reticulation rate profile, (b) IL for optimum foams.
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(a) (b)
Figure 5.8 Insertion loss of a double wall system when (a) reticulation rate is
considered as a design parameter and l/t = 3.0, (b) ratio of l/t is considered as
design parameter and Rw = 80 %.
84
CHAPTER 5. ENHANCEMENT OF ACOUSTIC PERFORMANCE OF
POLYURETHANE FOAM USING MICRO-STRUCTURAL BASED MODEL
(a)
(b)
Figure 5.9 Optimization of PU foams over a wide range of frequency when
macroscopic properties along the thickness are homogenous or non-homogenous
(a) Reticulation rate profile along the thickness, (b) IL for optimum foams.
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(a) (b)
Figure 5.10 Insertion loss of a double wall system when septum is decoupled
from the foam layer and (a) the reticulation rate is considered as the design
parameter and l/t = 3.0, (b) ratio of l/t is considered as the design parameter















Figure 5.11 Geometry of a simplified automotive acoustic cavity.
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Homogenous LayerFGM-power-law bFGM-power-law c
Figure 5.12 NR when foam is bonded to the heavy layer.
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Homogenous LayerFGM-power-law bFGM-power-law c
Figure 5.13 NR when foam is detached from the heavy layer.
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CHAPTER 6
CONCLUSIONS AND PERSPECTIVES
Improving the vibro-acoustical performance of highly porous, flexible PU foams using ex-
perimental methods based on trial and error is a time consuming and expensive process.
On the other side, it is well known that the macroscopic properties of such foams are depen-
dent on their internal microgeometry properties. Therefore, extending the micro-structural
based model that qualifies and quantifies the relation between the microstructure prop-
erties of highly porous PU foam to their macroscopic properties is the first purpose of
this study. Propagation of acoustic waves through poroelastic materials are classically
described by the Biot model. The Biot model is constructed based on a set of physical
parameters known as the Biot’s parameters, that for isotropic materials, are comprised
of 5 non-acoustical (namely JCA) parameters and 4 mechanical parameters. Recently,
micro-macro correlation for JCA parameters of a highly porous, homogenous PU foam
were developed by Doutres et al. [24, 25]. In this study, an existing micro-macro model
that analytically explains the correlation between mechanical properties and microstruc-
ture properties of fully reticulated PU foam is improved to account for the membranes
closing the windows. Before that, a complete data source for microstructure properties and
macroscopic Young’s modulus of such poroelastic materials were provided by characteriz-
ing 20 highly porous PU foams using SEM micrograph and performing a quasi static test
(QMA) respectively. Furthermore, morphology results show that these cellular polymeric
foams are inherently elongated in rise direction during the foaming process that results in
variability in their microstructure properties. A global sensitivity analysis was performed
in consequence to identify the contribution of microstructure properties of PU foams on
various vibro-acoustic indicators. Sorting out the microstructure properties of the unit
cell provides useful information for foam manufacturers and users at early steps of design
and optimization of such foams. In addition, sensitivity results show how variability in
microgeometry results in uncertainty in the vibro-acoustic model. Performing a global
sensitivity analysis over the entire space of input variables is computationally expensive.
Hence, the FAST method was used to accelerate the analysis process. Finally, this study
ended by presenting PU foams with a new set of microstructure properties that result in
the optimum performance of various vibro-acoustic indicators. The main results of this
study are listed bellow followed by few perspectives.
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6.1 Main achievements
The main achievements of micro-macro correlation developments are:
– An existing micro-macro model is improved to account for the impact of reticulation
rate, cell size, and relative density of highly porous PU foam on its macroscopic me-
chanical properties.
– Results show that foams of the same cell size and relative density with lower reticulation
rate show higher stiffness and lower Poisson’s ratio; the stiffness reduces and Poisson’s
ratio increases as more windows are opened.
– The impact of reticulation rate on the mechanical properties of PU foam reduces by
either increasing the cell size or relative density of the foam.
– Results show that the predicted effect of reticulation rate on the Young’s modulus is
qualitatively in accordance with the measured Young’s modulus.
– The impact of adding closed membranes on mechanical properties is not linear (it in-
creases as Rw reduces).
The important conclusion obtained from the sensitivity analysis are:
– Strut length plays a key role in the Biot-Allard’s parameter and the absorption problem
when reticulation rate is higher than 70%.
– Reticulation rate and strut length should be measured precisely to identify the Biot-
Allard parameters used in an absorption problem when reticulation rate is less than
70%.
– Variation in microstructure properties has no affect on TL of double wall systems in the
mass-law controlled region.
– When the mass layer is attached to a poroelastic layer, the mechanical properties and
microstructure properties that control the stiffness of the foam are important at double-
wall resonance and acoustic cavity resonances.
– When the mass layer is detached from the poroelastic layer by an air-gap, PU foam
plays a more important role in sound absorption. Therefore, at low reticulation rate,
the dissipation is because of thermal characteristic length while flow resistivity is the
key parameter at double wall resonance.
– Microstructure variability does not result in considerable variation for DW-TL when
reticulation rate is higher than 70%. Their effect is more important at frame-borne
resonance of the foam.
And finally, the main results obtained from the optimization section are:
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– Reticulation rate, cell size and strut geometrical properties were considered as the deign
parameter in the optimization process.
– Based on the vibro-acoustic indicator and frequency range of interest, different mi-
crostructure properties were proposed.
– Absorption is improved at low frequencies using FGM when reticulation rate increases
across a poroelastic layer. However, it improves at high frequencies when open pore
content reduces along the thickness of the foam.
6.2 Perspectives
Concerning the main objective of this study, the following questions must be addressed to
fulfill the designing of new PU foams with enhanced vibro-acoustic behavior.
– The predicted mechanical properties should be validated by experimental measurements.
As mentioned so far, the micro-macro correlation is based on a idealized unit cell and the
used mechanical properties of the constituent material were taken from the literature
(we were not able to measure them directly ). In addition, our validation was limited
to comparison with quasi-static tests. However, the quasi static method has its own
uncertainties such as effect of pre-stress (compression rate) and fluid-structure coupling
(measurements are done in air). The homogeneity and isotropy of the used material also
limits the accuracy of the comparison. Therefore, it is proposed to print out (using a
3D-Printer) a bulk volume consisting of isotropic Kelvin cells with different reticulation
rates. Then, the numerical model can be fully validated by experimental results.
– The numerical model must be improved to account for the cell irregularities (e.g. elon-
gation and anisotropy) in either a unit cell or a Voronoi representative volume element.
– Constituent material properties, distribution material across the membrane, and mem-
brane thickness measurement is an important question to be addressed.
– As shown in the sensitivity analysis, variability in microstructure properties of PU foam
influenced the vibro-acoustic indicators. Characterization of such micro-geometrical
properties that form a 3D lattice from 2D SEM photos adds uncertainty into the mea-
surements. Therefore, using a 3D x-ray micrograph and/or automating the characteri-
zation process by developing theories based on image processing reduces the variability
in outputs.
– Manufacturing PU foams with controlled properties along a specific direction(s) is an
open question. Our results show that gradual change in reticulation rate along the
thickness of the foam results in better sound absorption, depending on the its distri-
bution profile, at low or high frequencies. Therefore, it will be interesting to develop
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methods that control the reticulation rate. Even better, is the development of methods
to control parameters variability along a given direction (FGM).
– The presented optimization study was performed when reticulation rate variation is in
thickness direction. It is suggested to perform an optimization when its variation in
other directions can be accounted for.
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CONCLUSION FRANÇAIS
L’amélioration de la performance vibro-acoustique des mousses PU à l’aide de méthodes
expérimentales, par essais et erreurs, est un processus long et onéreux. Toutefois, Il est
bien connu que les propriétés macroscopiques dépendent intrinsèquement des propriétés
de la microstructure de la mousse. Donc, le développement d’un modèle qui qualifie et
quantifie les relations entre les propriétés microstructurales de la mousse et ses propriétés
macroscopiques est une solution optimale pour guider la conception de ces mousses. C’est
l’objectif général de cette étude. La propagation des ondes acoustiques à travers des
matériaux poroélastiques est classiquement décrite par le modèle de Biot. Le modèle de
Biot est construit sur la base d’un ensemble de paramètres physiques connus sous le nom
de paramètres de Biot qui, pour les matériaux isotropes, sont composés de 5 paramètres
non acoustiques et de 4 paramètres mécaniques. Récemment, un modèle qui corrèle les
propriétés de la microstructure des mousses PU à leurs propriétés non acoustiques a été
présenté par Doutres et coll. (Doutres2011, Doutres2013). La première réalisation de cette
étude est d’étendre ce modèle pour prendre en compte les aspects mécaniques de la mousse.
Pour faire, un modèle micro-macro existant, qui corrèle analytiquement les propriétés mé-
caniques et les propriétés de microstructure de mousses PU entièrement réticulée, a été
revu et amélioré pour tenir compte de l’effet important des pores partiellement ouverts.
En effet, nos résultats montrent que les mousses de même taille cellulaire et de même den-
sité relative présentent une rigidité plus élevée lorsqu’elles sont partiellement réticulées.
Le modèle a été validé utilisant une base de données complète contenant les propriétés de
la microstructure de 20 mousses PU obtenus par micrographie SEM et des tests quasi-
statiques (QMA). Les résultats de morphologie montrent, en outre, que ces mousses sont
allongées dans la direction de moussage ce qui se traduit par une variabilité dans les pro-
priétés de leurs microstructures. En conséquence, la seconde réalisation de ce travail est de
quantifier l’effet de cette variabilité et d’identifier la contribution de chacune des propriétés
de la microstructure aux indicateurs vibroacoustique classiques (absorption et perte par
transmission). Pour cette étude statistique, une étude de sensibilité globale a été réalisée
utilisant la méthode FAST qui permet d’accélérer le processus d’analyse tout en prenant
en compte l’effet d’interaction entre les paramètres analysés. Finalement, la troisième
réalisation de ce travail est de proposer, utilisant le modèle micro-macro et les résultats de
l’étude statistique, quelques microstructures optimisant la performance vibroacoustique
de la mousse. Ainsi nous avons conçu et testé numériquement la performance acoustique
de mousses homogènes et de mousses graduellement structurées (variation de propriétés
suivant l’épaisseur de la mousse). Cette étude ouvre ainsi de nouvelles portes pour con-
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cevoir des mousses PU innovantes avec une microstructure modifiée et des performances
vibroacoustique améliorées.
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